An investigation into environmental modifiers of grassland response to ozone by Khalid, Sofia & Khalid, Sofia
   AN INVESTIGATION INTO ENVIRONMENTAL 
MODIFIERS OF GRASSLAND RESPONSE TO OZONE 
 
 
 
 
 
 
Sofia Khalid 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Division of Biology, Department of Life Sciences 
Imperial College London 
 
 
 
 
 
 
 
A thesis submitted for the degree of 
Doctor of Philosophy of Imperial College London
  2 
Declaration 
 
 
 
 
I declare that the research contained within this thesis, apart from referenced and cited 
material interpreted as the work of others, is my own and original work and has not been 
presented before.  
 
 
 
 
 
Signed:      Sofia Khalid 
 
 
 
Certified:      Dr. Sally A. Power 
(PhD Supervisor)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  3 
Acknowledgements 
 
 
 
 
I am extremely grateful to my supervisor Dr. Sally Power who guided, supported and 
helped me through every step of my Ph.D. Thank you Sally for getting me through 
difficult times and teaching me things that will be very useful in my future life. I would 
like to especially thank Professor Dr. Nigel Bell for academic and moral support he had 
been providing me through out my Ph.D.  Thanks to Professor Dr. Mick Crawley and Dr. 
Tilly Collins for their helpful comments regarding statistical analysis in R.  
 
Many thanks to all lovely people in research group especially Dr. Emma Green and 
Dr. Nathan Callaghan for their assistance, support and encouragement. For nice company I 
would like to thank all my friends in Silwood, especially Farida, Asmida,  Adrees and 
Suzi who were always there whenever I needed a shoulder to cry on. 
 
I would also like to thank Higher Education Commission Pakistan for providing me 
funding for this Ph.D. Thanks to authorities in Fatima Jinnah Women University Pakistan 
for granting me study leave. 
 
Last but not least I would like to thank my family, my parents, my husband, my sister in 
laws Ruqia Bibi and Saadia Munir, and especially my children Dania, Zujaja and Rumman 
whose 9
th
, 5
th 
and 3
rd 
birthdays, I missed in 2011 because of being busy with my Ph.D.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  4 
Abstract 
 
 
The thesis concerns the role of nitrogen and drought in modifying the responses of 
grassland plant species towards tropospheric ozone. The first part focuses on nitrogen with 
a pilot study conducted in green-house environment with closed chambers and four plant 
species from mesotrophic grasslands growing singly in pots. Nitrogen (up to 50 Kg/ha) and 
ozone (up to 90 ppb) showed that high nitrogen ameliorated detrimental ozone effects on 
visible injury in Cirsium arvense, Centaurea nigra and Trifolium pratense. Low nitrogen 
(0 Kg/ha) on the other hand, counterbalanced ozone effects by showing greater number of 
leaves as well as greater above ground, below ground and total biomass in Holcus lanatus.  
 
An expansion of the ozone x nitrogen interactions, exploring combined effects on 
photosynthesis and stomatal conductance, was carried out in open top chambers facility at 
Silwood Park (Ascot, UK), using four air treatments (Filtered Air, 40, 70 and 100 ppb 
ozone). Species representative of calcifugous grasslands, grown both as mixed and single 
species were used. The results indicted that ozone-induced decreases in stomatal 
conductance were greater in high-nitrogen-treated Trifolium repens grown as a single 
species. Similarly greater ozone-induced decreases were found for photosynthesis rates of 
high nitrogen treated Trifolium repens and Rumex acetosella grown as single and mixed 
species. 
 
The second part of the research evaluates the ecological impacts of rising tropospheric 
ozone levels and drought on grassland mesocosms characteristic of Silwood Park. The 
experiment was conducted in the open top chambers with rain exclusion roofs. Ozone 
concentrations used were 0 (Filtered Air), 30, 60 & 90 ppb. The results showed species 
level differences in response to both ozone and drought. Generally greater ozone effects 
were observed on well-watered plants and this could be explained through greater stomatal 
conductance when compared to droughted plants, leading to greater ozone flux. At 
community level, above ground biomass responses showed an increased dominance of 
grasses compared to forbs in high-ozone, well-watered treatments. 
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Chapter 1: Introduction 
 
1.1: Grasslands 
 
The vegetation  zones  of  the  world  where  grasses  are  the  dominant  species  are  
called “Grasslands”.  According to the Oxford Dictionary of Plant Sciences (Allaby, 1998) 
grasslands are defined as:  
 
“Grassland occurs where there is sufficient moisture for grass growth, but where 
environmental conditions, both climatic and anthropogenic, prevent tree growth. Its 
occurrence, therefore, correlates with a rainfall intensity between that of desert and 
forest and is extended by grazing and/or fire to form a plagioclimax in many areas 
that were previously forested.” 
 
White et al. (2000) have described the distribution of grasslands as covering 40% of 
the earth’s surface (excluding Greenland and Antarctica), and being found in every region 
of the world. Twenty five of the 145 major watersheds of the world are made up of at 
least 50% grasslands. They further describe that of the 135 eco regions of world identified 
as outstanding example of the world’s diverse ecosystems, 35 are grasslands, supporting 
some of the most important grassland biodiversity in the world. 
 
Grasslands deliver many important ecosystem services. They are important sinks for 
increasing CO2. They serve as large grazing areas for livestock, which are a source of 
milk, meat, wool, leather etc. They also support a large number of wild herbivores, 
which depend on grasslands for food, as well as diverse soil micro flora and fauna. 
Tourism and recreational activities in grasslands appear to make important economic 
contributions to some countries. Grasslands  contribute  to  climate  stability  and  nutrient  
cycling,  helping  to  maintain  the composition of the atmosphere. They have a role in 
keeping genetic diversity by acting as seed banks of many species. They also  help  in  
soil  conservation, as  the water  holding capacity of grasslands acts as ecological 
protection belts at watersheds (White et al., 2000).  
 
The grasslands have to face many pressures as well. There may be distasters (fires, 
floods, storms etc). Also anthropogenic disturbances, for example, tourism activities such 
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as hiking and bike riding etc may cause eroded trails. Establishment of golf courses also 
destroy grassland habitats, landscape is altered and non native species are planted 
which compete with native species for light, nutrient and water and there may be 
alterations in species composition. Natural grasslands have been destroyed by cultivation 
and modifications have also resulted from grazing by domesticated live stock 
(Watkinson & Ormerod, 2001). Climate change may also affect grassland productivity as 
temperature increases may enhance evapotranspiration causing water stress and many of 
the grassland ecosystems are sensitive to changes in water availability (Campbell et al., 
1997). The amount and timing of precipitation are important in determining community 
structure and function as above ground primary production may be strongly correlated 
with annual precipitation in grasslands (Yang et al., 2008). Increases in N deposition and 
tropospheric O3 concentrations may also affect species diversity in grasslands (Bassin et 
al., 2005).  
 
Semi-natural  grasslands  in  Europe  contain  many rare and  endangered  plant  species  
and because  of  their  conservation  importance,  some  of  these  have  been  protected  as  
nature reserves. In England, there are more than 4100 Sites of Special Scientific Interest 
(SSSI) covering about 8% of the country’s land area. Most of these sites (< 70% by 
area) are internationally important for their wildlife and are designated as Special Areas of 
Conservation (SACs), Special Protection Areas (SPAs) or Ramsar Sites. Many SSSIs are 
also National Nature Reserves (NNRs). There are 224 NNRs in England, covering a total 
area of 94400 hectares and contain many rare plant species (Natural England, 2010). 
Many plant communities  from  acidic and  mesotrophic  grasslands  are included  in  
SSSIs  and  NNRs. Acidic grasslands generally have nutrient poor soils because of 
agricultural uses in the past with  low  manure  inputs  combined  with  nutrient  removal  
by grazing or hay making. Mesotrophic grasslands have neutral soil pH and support  great 
diversity o f  species (Ellenberg, 1988). In the UK, three main types of grassland are 
distinguished according to soil type (Wells, 1983). 
 
1) Calcareous grasslands (on soil of pH 5.5-8.4) also known as Calcicole grasslands  
2) Neutral grasslands (intermediate pH) also known as Mesotrophic grasslands 
3) Acidic grasslands (on soil of pH 3.5-6) also known as Calcifugous grasslands 
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1.2: Tropospheric ozone 
 
Tropospheric O3 is a regional and transboundary secondary air pollutant. It has been 
an important topic of international air pollution policies and  debates and is regarded as 
one of the greenhouse gases. It is made up of three atoms of oxygen and is highly reactive 
and unstable. Some of the O3 in the troposphere comes directly from the stratosphere via 
the mixing layer while t h e  rest of the O3 is formed in the troposphere by complex 
chemical reactions in the presence of sunlight. Its precursors are mainly oxides of 
nitrogen, carbon monoxide and volatile organic compounds. These may be naturally 
present in the atmosphere or come through some anthropogenic activities like vehicular 
exhausts and industrial emissions. Some of the Volatile Organic Compounds (biogeneic 
VOCs) are also emitted by plants. A series of reactions govern the formation of 
tropospheric O3. The primary reaction through which O3 is formed in the troposphere in 
the presence of sunlight is as follows (NEGTAP, 2001):  
 
O2   + hv →  O + O 
(h = Planck’s constant  v = Frequency of electromegnatic wave) 
O  + O2     → O3 
 
There are many other complex processes involving several hundreds of radicals and 
reactions involved in the formation of O3 that can be summarised as follows (PORG, 1998). 
 
OH + RH →  R + H2O (RH=saturated hydrocarbon, R= alkyl radical) 
 R  + O2   (+M) →   RO2 (+M)  (RO2 = alkyl peroxy radical) 
RO2   + NO →  RO  + NO2 
RO →  carbonyl products  +  HO2  (HO2 = hydroxyperoxy radical)  
HO2  +  NO →  OH + NO2 
NO + O3   → NO2   + O2 
NO2 + hv (280-290 nm)  →  NO + O 
                                   O + O2   (+M) →  O3   (+M) M = any molecule 
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In the UK, trends in tropospheric O3 are largely influenced by precursor emissions and 
trends on a hemispheric and European scale. Regional (European Union) policies have 
resulted in decreased VOC and NOx (nitrogen oxides) emissions. These reduced 
emissions, because of the emission control policies, have caused a decrease in the peak O3 
concentrations by typically 30ppb in the UK but mean background concentrations have 
been increasing (AQEG, 2008). There are two reasons  for this increase in mean 
background concentration. One reason is the reduced NOx in the troposphere so local 
depletion of O3 by NO does not occur especially in urban areas. The second reason is the 
increase in hemispheric background O3 concentrations because of rapid urbanization in 
developing countries, resulting in an increase in precursor emissions in these areas. The 
annual mean concentrations vary between regions and topography.  
 
Ozone concentrations generally increase with altitude (AQEG, 2008). There are clear 
annual and diurnal cycles in O3 concentrations in the UK with a summer maximum and 
winter minimum, and mid afternoon peak and nocturnal minimum respectively. Ozone 
episodes or smogs are the large  transient  increases  in  the   concentrations  and  occur  
when  meteorologically  favourable conditions such as warm weather and slow winds,  
coincide with high concentrations of precursors (NEGTAP, 2001). 
 
Avnery et al. (2011) have presented the global distribution of crop exposure to O3 in 2030 
according to the M12 (12 hours seasonal mean O3 concentrtion) and AOT40 (accumulated 
ozone exposure over a threshold of 40 ppb) metrics, under the A2 (A climate change 
scenario, focussing more on regionally oriented economic development, prepared through 
inter-govermental panel on climate change) and B1(Another climate change scenario, 
focussing more on global environmental sustainability, prepared through inter-govermental 
panel on climate change) scenarios respectively. They have depicted M12 ranges from 30-
80 ppb/v (ppb/v = volume of gaseous O3 /10
9
 volume of ambient air) under A2 scenario for 
studied crops in Northern hemisphere, while AOT40 ranged from 0-40 ppb.h in northern 
India, Eastern China and parts of the United States. Under B1 scenario on the other 
hand, considerably lower O3 exposure in Northern hemisphere is found with M12 
ranges from 20-60 ppb/v over most of the continental regions with higher exposure 
(>70 ppb/v). AOT40, however, still remains largely above the critical levels i.e.  
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3 ppm.h. compared to the A2 scenario in the United States, Europe and Middle East 
where it shows decreases (Figure 1.1 & 1.2). 
 
 
 
 
 
 
 
 
 
Figure 1.1:  Global distribution of ozone exposure according to the M12 (left panel) and AOT40 (right 
panel) metrics under the 2030 A2 scenario under the respective growing season of each 
country where crop calendar data are available (a) Soya bean (b) Maize  (c) Wheat (Avnery 
et al. 2011) .  
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Figure 1.2:  Global distribution of ozone exposure according to the M12 (left panel) and AOT40 (right 
panel) metrics under the 2030 B1 scenario under the respective growing season of each 
country where crop calendar data are available (a) Soya bean  (b) Maize  (c) Wheat (Avnery 
et al. 2011).  
 
Ozone concentrations in the UK will be influenced largely by changes on the global and 
hemispheric scales (RoTAP, 2011). Increases in future O3 concentrations and impacts on 
vegetation are an important issue of concern and there is a need for more mechanistic  
understanding combining multifactor studies and assessments of the implications of 
different interactions. 
 
1.3: Ozone critical levels 
 
Critical levels have been defined (CLRTAP Convention, 2010) as:  
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“Concentration, cumulative exposure or cumulative stomatal flux of atmospheric 
pollutants above  which  direct  adverse  effects  on  sensitive  vegetation  may occur  
according  to  our present knowledge.” 
Critical levels for O3 concentrations are developed on the basis of a level above 
which damaging effects on vegetation occur. These are usually determined by conducting 
exposure response studies, in which plants are exposed to different concentrations of O3 
to find the threshold concentration, above which adverse effects start appearing. The O3 
concentration weighting concept (Lefohn & Runeckles, 1987) assigned a weight of 0 to 
all concentrations below a threshold and a weight of 1 to all concentrations above the 
threshold. 
 
The Convention of Long Range Transboundary Air Pollution (CLRTAP) of the United 
Nations Commission for Environment in Europe (UNECE) has established critical levels 
for O3.  Earlier levels were devised on the basis of concentration CLe i.e. AOT X over a 
stated time period above which direct adverse effects on sensitive vegetation appear. The 
AOT40 approach uses  a threshold concentration of 40 ppb, and accumulated 
concentration is calculated as the sum of the difference between the hourly mean O3 
concentration in ppb and 40 ppb when concentration exceeds 40 ppb during daylight hours, 
accumulated over a stated period of time. An AOT40 of 3 ppm.h accumulated over three 
months was set for crops and semi natural vegetation at the Kuopio Workshop in 
1996 (Kärenlampi & Skärby, 1996). Coyle et al. (2002) while estimating the  impacts of 
O3 on vegetation and materials revealed that for crops and semi natural vegetation, the 
critical level (AOT40), 3 ppm.h accumulated over May-July, day light hours was exceeded 
over 71% of the UK. 
 
Moreover it is not the external exposure which is important but the flux of O3 into the leaf 
in determining effects. The new levels (CLRTAP, 2010) describe the stomatal flux- based 
critical levels (Clef) for O3 taking into account the varying influences of temperature, 
water  vapour  pressure  deficit  (VPD),  light  (irradiance),  soil  water  potential  (SWP),  
O3 concentration and plant development (phenology) on the stomatal flux of O3. They 
therefore provide an estimate of the critical amount of O3 entering through the stomata 
and reaching the sites of action inside the plant. These were earlier denoted as AFstY 
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[nmol m
-
2
 
PLA] which is an Accumulated Flux above a flux threshold of Y nmol m
-
2
s
-1
, 
accumulated over a stated time period during daylight hours. In the revised mapping 
manual (CLRTAP, 2010) it is named as Phytotoxic O3 Dose above a threshold of Y 
(PODY) and units are mmol m
-2
. Threshold Y is similar in concept to 40 in AOT40 and 
represents an amount of O3 flux that can be tolerated or detoxified by plants before 
negative effects begin to appear. For crops flux based critical levels were based on flux-
effect relationship on wheat, tomato and potato, and for trees on the basis of flux-effect 
relationship on Norway spruce and combined beech and birch.  
 
The flux based approach for semi natural vegetation still needs data on the stomatal 
behaviour of wild plant species (Alonso et al., 2007). At present most of the O3   
effects studies on semi-natural vegetation have used AOT40. With the available O3 dose 
response knowledge of O3 indicator species i.e. Trifolium and Viola, flux based O3 
critical levels for grasslands and grasslands of high conservation value have also been 
developed. Table 1.1 gives the revised flux based critical levels for O3 effects on different 
vegetation types on the basis of separate flux model parameterisation for each species. 
 
Table: 1.1:  Flux  based  critical  levels  for O3 effects  on  different  vegetation  
types, POD=phytotoxic O3  dose above a threshold Y  (Harmens et al., 
2010)  
 
Receptor Effect (% reduction) Parameter Critical level  
(mmol m-
2
) 
Wheat Grain yield (5%) POD6 1 
Wheat 1000 grain weight (5%) POD6 2 
Wheat Protein yield (5%) POD6 2 
Potato Tuber yield (5%) POD6 5 
Tomato Fruit yield (5%) POD6 2 
Norway spruce Biomass (2%) POD1 8 
Birch and beech Biomass (4%) POD1 4 
Productive grasslands (clover) Biomass (10%) POD1 2 
Conservation grasslands (clover) Biomass (10%) POD1 2 
Conservation grasslands (Viola 
spp), provisional 
Biomass (15%) POD1 6 
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Mills et al. (2011) have provided an evidence of the effects of O3 pollution on 
European vegetation. They have superimposed effects data on AOT40 and POD3gen 
maps (generated by EMEP Eularian model, parameterised for generic crop based on 
wheat and NC-S/NC-R varieties of white clover)  and  have  reported  flux  based  critical  
levels  to  better  explain  the  effects compared to AOT40. 
 
1.4: Mechanisms of O3 action in plants 
 
Ozone is known to cause biochemical and physiological changes in plants. Ozone usually 
targets the lipid component of the membranes in plants (Maccarrone et al., 1992) and has 
been found to accelerate programmed cell death in plants (Langebartels et al., 2002). 
Ozone gains entry into the plants through the stomata (Chameides, 1989). Once inside 
the air spaces about cells, i t  produces reactive oxygen species, also called oxidative free 
radicals. Defence mechanisms of plants respond to these reactive oxygen species through 
the production of several proteins which breakdown the O3. Ascorbate present in the 
apoplast is believed to afford protection against O3 as it has been found to increase after 
exposure to O3 (Ranieri et al., 2000). Figure 1.3, adapted from, Heath (2008),  shows the 
pathway of O3 within leaf tissues.  
 
Ozone reduces photosynthesis in plants and this is related to the damage to the 
photosynthetic enzyme Rubisco i.e. ribulose-1.5- biphosphate carboxylase/oxygenase. 
Dann and Pell (1989) studied the activity and quantity of rubisco in greenhouse grown 
Solanum tuberosum and found that both (rubisco activity and quantity) declined with O3 
exposure and that this was also related to increased leaf senescence. During the 
activation of defence mechanisms in plants, energy is required for the regeneration of 
antioxidants and de novo synthesis, this also leads to decreased rates of carbon 
assimilation and plant growth as a response to O3  (The Royal Society, 2008).  
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Figure 1.3:  Sequence of O3 interaction with plant tissue. A diagram of biochemical events upon O3 
interacting with leaf tissue (Heath, 2008).  
 
 
1.5: Ozone effects on vegetation 
 
Tropospheric O3 is having damaging effects on vegetation. Estimates of the effects of O3 
on vegetation are made on the basis of linking global models of O3 formation to results 
from O3 exposure response experiments. There are two main factors that determine the 
effects of O3 on plants, one is the actual flux of O3 into the plant and second is the 
detoxification capacity of that plant. 
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1.5.1: An overview of O
3 effects on vegetation 
 
Ozone causes decreased photosynthesis which may be because of decreased stomatal 
conductance. Ozone has been reported to cause early senescence of leaves (Dawnay & 
Mills, 2009).  These are the short term responses while the long term responses are in the 
alterations in root to shoot ratio of plants, decrease in the nutritional quality especially of 
forage crops like legumes by declining the protein fraction (Fuhrer, 2009), decreased 
output of seeds, inhibition of reproduction, fertilization and development of reproductive 
organs (Black et al., 2000). There are also indirect or secondary effects of O3 on plant 
species, for example a reduction in N fixation in Trifolium pratense (Ensing & Hofstra, 
1982). The decrease in symbiotic relationship with microorganisms for N fixation will 
have an effect on the soil properties and on nutrient cycling. Another secondary effect 
of O3 is its effects on plant parasite interactions.  Dohmen (1987) revealed that O3 
decreased  the brown rust disease potential of wheat whilst Beare et al. (1999) reported 
an increase in the spore germination of Marssonina tremulae (the pathogen  of  leaf  spot  
disease  of  poplar)  under  chronic O3 exposure and a significant decrease after acute O3  
exposure. Ozone has been reported to bring about changes in leaf chemistry (Valkama et 
al., 2007) and that has been found to have an impact on the performance of associated 
insects. Ozone also modifies the responses of plants to other environmental stresses 
including other air pollutants for example it can modify the responses of plants to 
drought, herbivory, or to increasing CO 2 concentrations (Winner, 1994). Ozone therefore 
has the potential for many effects on ecosystem services of grasslands for example by 
reducing carbon sequestration capacity of grasslands (Sitch et al., 2007). 
 
1.5.2: Ozone effects on crops and trees 
 
Ozone effects on crops have been studied widely in Europe and North America. Outside 
of these areas, significant impacts have been reported in individual studies in Africa, 
Latin America and Asia (Emberson et al., 2003). The main effect of O3 on crops is that 
it causes losses in yield. Crops where the leaves are valuable commercially for example; 
tobacco, lettuce and spinach visible injury results in necrosis or specks which reduce the 
market value of these crops. The value of a crop depends on its yield and nutritional 
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quality and the main effect of O3 is the decrease in both. In countries of South Asia, 
where agriculture remains the largest source of employment and contributes to 25% of 
GDP, decrease in yield may have great economic and food security impacts (Ashmore, 
2005). The O3 induced losses in crops is of concern in the scenario of increasing food 
demand associated with global population growth and future availability of food and 
animal feed (Schmidhuber & Tubiello, 2007). 
 
In  trees  O3   results  in  a decrease  in  stem  growth  and  photosynthesis  and  accelerated  
leaf senescence, which results in less green biomass. Trees are a strong sink for CO2, so 
with O3 induced reductions in tree growth there will be reduced carbon sink strength of 
forests. With the increased senescence and die back caused by O3, supplies of timber may 
also be affected, beside this the overall health of a forest is also linked to amenity aspects 
(Wittig et al., 2009). 
1.5.3: Effects on semi-natural vegetation 
 
Most of the earlier O3 effects research was with crops or trees because of economic interest 
in productivity loss. The only motivational factor for research on natural and semi-natural 
vegetation was the threat to the biodiversity of natural habitats and long term impacts 
that may ensue in terms of ecosystem function and services (Cape et al., 2008). 
 
The first comprehensive review about understanding the effects of O3   on native plants 
in Europe was by  Davison & Barnes (1998) in which they discussed the need to study 
the effects of O3  on the semi-natural  communities as these communities constitute the 
major part of flora. In contrast to agricultural crops and forest trees, natural and semi-
natural ecosystems are characterised by complex communities of species, often long 
established and adapted to particular microclimatic properties and nutrient availability at 
the site (Cape et al., 2008). Ozone effects  on  the  native  plant  communities  may  not  
involve  effects  on  single  species  or populations but may be related to shifts in species 
and genetic composition (Bergmann et al., 1999). 
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Earlier studies were carried out with single species, later O3 effects especially on 
grassland species were studied with either binary mixtures or model communities of 
plants either in pots or open field. Thwaites et al. (2006) studied the effects of O3 on the 
species dynamics of calcareous grasslands with intact turfs and reported some species to be 
sensitive to O3. Hayes et al. (2007) presented a meta-analysis of relative O3 sensitivity of 
species, classifying species as sensitive, insensitive or stimulated by O3. The visible injury 
in some grasses and herbs is not always consistent with decrease in biomass (Pleijel & 
Danielsson, 1997) therefore Hayes et al. (2007a) suggested that it would be appropriate to 
use either seed production or relative growth rate changes as indicators of species 
sensitivity to O3 as both of these affect the long term persistence of species. Individual 
species responses mainly show O3 induced decrease in biomass of sensitive species. In a 
plant community, this biomass reduction may affect the competitive ability of different 
species. Some species are more sensitive to O3 compared to others, for example it has 
been shown that clover is more sensitive to O3 than grass in two species mixtures (Hayes 
et al., 2009). Different species’ sensitivity to O3 results in a change in community 
composition, favouring resistant species, potentially eliminating the sensitive species and 
ultimately causing loss of biodiversity (Fuhrer, 1994; Ashmore, et al., 1995).  
 
Species rich acid and calcareous grasslands, heathlands and lowland fens and mires 
have been classified as Priority Habitats under the UK Biodiversity Action Plan. These 
have relatively high O3 exposure and contain O3   sensitive positive indicator species. 
There are many challenging issues associated with evaluating the effects of O3 on semi-
natural vegetation, especially grasslands. These have been discussed in Bassin et al. 
(2007a), who pointed out that one difficulty in generalising responses from O3 effect 
studies on grassland communities is that species in a community differ in their response 
to O3. Long term O3 effects experiments with grassland communities have shown that 
sometimes O3 induced effects do not appear at the end of exposure but are apparent in the 
following years and vice versa. This inconsistency in responses also makes it difficult to 
predict the O3 sensitivity of species or a community. It is also difficult to carry out such 
long term fumigation studies. 
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1.6: Difference in O3 sensitivity of plant species 
 
There may be several reasons for difference in O3 sensitivity of plant species. The 
difference in O3 sensitivity of species may be within genera from same family as well as 
between and within species. Different growth stages of plants show different 
sensitivities to O3 (Bassin et al. 2007). The reason for these inter- and intra-specific 
differences in O3 sensitivity are not fully understood, however it is clear that stomatal 
conductance, which determines O3 uptake, is often related to sensitivity (Reich, 1987). 
Bassin et al. (2007a) mentioned three specific O3 sensitivity traits (for individual plants) 
i.e. stomatal control, specific leaf area (SLA) and biochemical defence capacity. It has 
also been found that some genotypes within species may be more O3 resistant (Biswas et 
al., 2008). For example, it is known  that  populations  of Plantago  lanceolata  differ  in  
sensitivity  according  to  their origin and associated O3  exposure history (Kölliker et al., 
2008). There are also major differences between individuals of many species for example 
in Centaurea jacea, but in most cases the ecological significance of this is unknown 
(Bassin et al., 2004). 
 
In plant species, resistance to O3 may or may not be related to the O3 climate, the more 
resistant populations may occur in areas with the highest O3 exposure. This may be due 
to natural selection as pollutant exposure may bring about changes in gene frequency and 
favour resistant taxa (Davison & Barnes, 1998). There is, however, limited support for this 
phenomenon for crop cultivars grown in areas with high O3 concentrations (Biswas et al. 
2008). Recently (Dawnay & Mills, 2009) reported intraspecific variation in senescence 
response to O3 of four populations of Anthoxanthum odoratum. They related this to 
the greater canopy shading and reduced edge effects acting to lower the level of O3 
exposure and lessen the effects at different locations within the canopy. 
1.7: Environmental factors modifying the sensitivity of plants to O3 
 
The effects of O3 on plants may also be dependent on the environmental conditions in 
which the plant is growing. The impacts of O3  on vegetation should not be considered in 
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isolation from other global change drivers, for example, elevated CO2  concentrations, 
increased rates of N  deposition  and  temperature  increases  causing  either  flooding  in  
some  areas  or  more episodes of drought. Davison & Barnes (1998) in their review 
article have pointed out that water deficit and mineral nutrition may alter the response of 
species to O3. Mills (2002) has also highlighted that soil water and nutrient status is 
important in determining O3 effects on vegetation as these may modify the responses to 
O3. There are still gaps in understanding how  different  environmental  factors  will  
modify  the  responses  of  plants  in  a  changing climate. The  studies that have been 
carried out with the aims of looking at the interacting effects of O3 with these drivers 
(elevated N or drought) indicate both positive and negative effects in terms of effects on 
vegetation. The present study focuses on the interacting effects of ozone with two main 
factors, namely nitrogen availability and drought. 
1.8: Nitrogen deposition as a pollution issue 
 
Unreactive form of N (N2, gaseous N) is present in the Earth's atmosphere. It is converted 
into reactive form either through natural sources (for example, biological N fixation by 
bacteria, volcanic activity and lightening) or through anthropogenic activities. Human 
activities have led to a two fold increase in the reactive N and that have brought about 
widespread changes in the global N cycle (Galloway et al. 2004).  Combustion largely 
produces NO and it is readily oxidised to NO2 in the troposphere by O3. The NO2   formed 
is deposited onto vegetation and is an important pollution issue. Nitrogen may be 
deposited onto vegetation either in the form of wet deposition i.e. N that enters into the 
ecosystems through precipitation, or it may be in the form of dry deposition i.e. direct input 
of atmospheric N gases and aerosols by wind and gravity. These inputs take two main 
forms, reduced (NHx - ammonia and ammonium) and oxidised (NOy - nitrogen oxides, 
nitric acid and particulate nitrate) both of which can be deposited as wet or dry deposition 
depending upon the climate (Stevens et al. 2011). Galloway et al. (2004) gave an overview 
of the global N budget and project an increase in global N deposition by 2025. In the 
UK, concentrations of oxidized N in surface air (as NO2) have declined, approximately 
in line with emission reductions. Deposition of NO2, however, has not changed much in 
response to reduced emissions due to change in the chemical reactions occurring in the 
atmosphere (RoTAP, 2011).  
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Nitrogen is an important nutrient for plant growth. In many natural and semi natural 
ecosystems, especially oligotrophic habitats, N is a limiting nutrient for plant growth. Most 
of the plant species in these ecosystems are adapted to N poor soils and can only survive 
or compete effectively in such low N conditions (Aerts & Chapin, 1999a). Nitrogen 
inputs to these ecosystems from atmospheric N deposition may have a wide variety of  
effects on the structure and functioning of these  ecosystems. When N load in these 
ecosystems increases, the most obvious effect is an increase in N availability, enhanced 
rates of N cycling and increased plant productivity. In multispecies communities, plant 
species that differ in their N demands coexist with each other. This may lead to the 
competitive exclusion of characteristic species by more nitrophilous plants. There may  
be situations where invasion of N loving species occur  and  these  outcompete N 
sensitive species  and  native  flora of  these environments change, ultimately leading to 
changes in ecosystem functioning. Increased N may also cause acidification of soils, 
resulting in the above mentioned effects. Strong evidence exists that diversity of plant 
species per unit area in a range of habitats of conservation value, in the UK has been 
affected by N deposition (Stevens et al., 2006; 2010; Maskell et al., 2010). In sensitive 
terrestrial habitats the exceedance from critical loads of N is over 60% of the UK land 
area for the last 25 years. In the next 10 years, this value is expected to decrease to 49%  
but  even  with  this  the  UK  is  unlikely to  satisfy the  requirements  of  the  Habitat 
Directive (RoTAP 2011). 
1.8.1: Ozone x nitrogen interactions 
 
Nitrogen is required for the growth of plants in large quantities and is an important 
component of proteins. Nitrogen generally increases the growth of plant species while O3 
has the opposite effect. Increasing N supply could increase the sensitivity of plants by 
stimulating growth which will increase the tolerance because of enhanced detoxification 
capacity through stimulated photosynthesis (Bassin et al., 2007). In a plant community N 
may enhance growth of some species and may cause changes in canopy structure, 
altering the flux of O3, which may influence O3 effects on some species. Carbon 
sequestration in UK forests is being enhanced by N deposition and O3 is reducing this 
effect, although combined effects have yet not been quantified (RoTAP, 2011). Ozone  
  27
effects on semi natural vegetation show that it brings about changes  in  species  
composition,  enhanced  N  deposition  has  also  shown  similar  results. Combined effects 
of O3 and N have been studied and show either having positive or negative effects. A 
detailed literature review exploring O3 x N combined effects is given in chapter 2.  
1.9: Climate change 
 
Global climate change has resulted in a 0.7˚C increase in mean global surface 
temperature, since 1800. It is projected to bring about additional increase of 1.3-1.8˚C in 
temperature by  2050,  resulting  more  frequent  and  severe  droughts  (IPCC,  2007b).  
Expectations of warming over the land surface are to be greater than this and more intense, 
frequent and long lasting heat waves and droughts are likely to happen. Formation  of  
tropospheric  O3 is dependent  on  its  pollutant  precursors,  sunlight  and  water  vapour.  
Moreover, O3 is an unstable gas and once a molecule of O3 is formed, it has a short life 
span. Ozone is therefore spatially and temporally heterogenous in its distribution. 
During the summer months, an approximate increase from 10 ppb
 
prior to industrial 
revolution to current levels of 60 ppb
 
in daily 8 hour tropospheric O3 concentrations have 
been estimated in industrialised countries of northern hemisphere (IPCC, 2007). Future 
projections of regional and local temperature changes, precipitation extremes and 
tropospheric O3 concentrations show greater variations and are occurring in parallel (IPCC, 
2007).  
1.9.1: Ozone x drought interactions 
 
Future increases in tropospheric O3 concentrations and greater expectations of droughts 
present a challenge in understanding the mechanisms associated with O3 x drought 
interactions. It is important to explore these interactions in plants, a greater understanding 
in crops is needed to address the increasing demand for food, in forest trees to improve 
carbon sequestration to decrease warming and in semi natural vegetation to conserve 
biodiversity and optimise atmospheric chemistry. 
 
Both O3 and drought have an effect on plants.  In response to both, individually, plants 
produce elevated levels of antioxidants for stress compensation and experience decreased 
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growth and shifts in allocation patterns. Together these fac to r s  (O3 and drought) could 
be either destructive or constructive for the growth of plants and can be a selection factor 
as well as a driving force for improved resistance and adaptive evolution. In conditions 
of drought plants tend to close their stomata in order to conserve water. This stomatal 
closure can protect plants against harmful effects of O3 as there will be less uptake of O3 
through stomata (Le Thiec et al. 1994). Ozone, however, can also interfere with stomatal 
closing and may exacerbate the effects of drought (Wilkinson & Davies ,  2010) . Most 
of the investigations exploring O3 drought interactions have shown either positive, 
negative, mixed or no significant effects of both in combination. A detailed literature 
review is given in chapter 4. Generally, however, it can be seen that plant responses to O3 
and drought  appear to be dependent on the concentration of O3, the severity of 
drought, and the duration of the two stresses. 
1.10: Aims and hypotheses 
 
The main aim of the present study was to investigate the role of N and drought in 
modifying the responses of grassland species towards O3. Grassland communities have 
been identified as potentially O3 sensitive (Mills et al., 2007). This identification relied 
strongly on results obtained from the experiments involving O3 effects on individual 
plants species from grassland as data from species growing as part of a mixed community 
were lacking. Other aim of the present investigation was to measure the O3 sensitivity of 
species growing as part of community. The following hypotheses were placed:  
 Ozone being a phytotoxic pollutant, will adversely effect the growth and 
development of the plant species used in the present study.  
 Species growing as part of a community will show different sensitivities to O3, 
relative to  those  grown  individually,  and  their  sensitivity  will  depend  upon  
the  response criteria used.  
 Increased  soil  N  availability  will  affect  the  responses  of  species  towards  O3   
as increased resource availability will improve the detoxification and repair 
capacity of a plant, thus alleviating harmful O3 effects.  
 Increased soil N availability will increase the stomatal conductance of plants 
through an increased growth rate of plants and will exacerbate adverse O3 effects 
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by a greater uptake through stomata.  
 Drought will protect the mesotrophic grassland species against the harmful O3 
effects through stomatal closure leading to lesser O3 uptake.  
1.11: Structure of the thesis  
 
Chapter 2 describes a greenhouse experiment. It is a pilot study in a closed chamber 
environment, looking  at  the  combined  effects  of  O3   and  N  on  species  from  
mesotrophic  grasslands, growing singly in pots. Four species (two non legume forbs, one 
legume forb and one grass) were selected to represent MG5 sub-communities. These were 
fumigated with a target concentration of 90 ppb O3 and a range of responses were studied. 
 
Chapter 3 describes an expansion of the earlier O3 x N interactive study (Chapter 2) and 
was carried out in open top chambers. This experiment was conducted with species from 
calcifugous grasslands, representing NVC U1 sub communities. The study focussed on the 
physiological responses to O3 and N additions of 50 Kg ha
-1
year
-1
and aimed at explicitly 
contrasting responses in species growing singly and as part of a mixed community.  
 
Chapter 4 is an investigation into the combined effects of O3 and drought on the responses 
of species from mesotrophic grasslands, representing MG5 sub-communities that are 
commonly found at Silwood Park. A  range of responses were studied in species 
growing as part of a community and specific aims were to seek  any modification in 
response of species to O3 caused by drought. The carrying over effects of O3 were also 
studied in the following year as changes in percent species cover and mesocosm 
senescence.  
 
Chapter 5 provides a discussion of the findings from this research in an ecological 
context and gives recommendations for further work. 
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Chapter 2: Response of mesotrophic grassland species (grown singly 
within pots in closed chambers in a green house) to O3 in 
contrasting soil N availability 
2.1: Introduction 
2.1.1: Mesotrophic grasslands  
 
Mesotrophic grasslands or neutral grasslands are semi-natural swards with grass 
domination associated with dicotyledonous herbs. These areas lack any pronounced 
calcicole or calcifuge element (Tansley, 1939). Most of the species of mesotrophic 
grasslands show a preference for soils that are neither too acid, nor too basic and neither 
very wet, nor too dry (Rodwell, 1998). According to the UK National Vegetation 
Classification, Rodwell (1998), mesotrophic grasslands have been divided into 13 
vegetation types. Each vegetation type has species common to a particular community but 
not necessarily confined to that community. A constant species is the one that will be 
present in any given stand of vegetation belonging to that particular community. In the 
present study, species used belong to mesotrophic grasslands vegetation type 5 (MG5). 
Three out of the four species used in this study are constant species of MG5 communities. 
Mesotrophic grasslands cover greater than 14000 hectares in Great Britain and out of 
these MG5 communities represent more than 7000 hectares (Jafferson, 1999). These 
communities include species rich stands of lowland meadow   vegetation  and  are  
becoming  increasingly  rare  as  a  result  of  agricultural improvement. The 
biodiversity value of these grasslands is of considerable importance and these are 
identified as priority habitats for conservation under the UK biodiversity action plan (The 
UK Steering Group, 1995).  The Habitat  Action  Plan covers MG5  communities  with  a 
commitment  to  conserve  and  enhance  their  distribution  (The  UK  Biodiversity  
Steering Group, 1999).  
2.1.2 Nitrogen 
 
Nitrogen is one of the most important nutrients for growth of plants, it is an important and 
plays an essential role in enzymatic activities (Aerts & Chapin, 1999).  It increases the 
growth of plants and is important in allocating resources between root and shoot. Plant 
communities are influenced strongly by soil N availability, for example, some species, 
are adapted to low N conditions while others grow well in high or moderate N 
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conditions (DiTommaso & Aarssen, 1989). Low N availability in  soil  may  lead  to  N 
deficiency in some plants, resulting in altered carbohydrate metabolism in shoots and 
an increase in root: shoot biomass ratio. This may also have a negative feed back on 
primary photosynthesis (Hermans et al., 2006). High N availability on the other hand, 
may initially increase plant productivity but later may disturb the plant’s normal 
metabolism (Morecroft et al., 1994). It may render plants more vulnerable to other air 
pollutants, natural environmental stresses and parasites (Nihlgrd, 1985). Deposition of N 
can cause acidification of soils and in acidified soils, uptake of nutrients through roots 
may also be affected, which ultimately may cause lowered production of above ground 
biomass. Most of the N deposition effects studies on grasslands, for example, Morecroft et 
al.  (1994),  Stevens  et  al. (2004),  Stevens  et al. (2006), Stevens et al. (2009) and 
Stevens et al. (2010) have considered typically nutrient poor grasslands. These grasslands 
normally have low N adapted communities and are expected to be affected adversely by 
additional N inputs. Maskell et al. (2010), however, report a weak negative  
relationship  between  species  richness  and  total  N  deposition  for  mesotrophic 
grasslands.  
2.1.3: Ozone x nitrogen interactions 
 
Tropospheric O3 is a phytotoxic pollutant and its concentrations are increasing, as 
discussed in chapter 1. High N availability in soils along with increased tropospheric 
O3 concentrations are both global drivers of vegetation change individually. Biomass and 
growth of plants are known to be affected by both. Ozone reduces the root : shoot ratio 
(Andersen, 2003) and increased N availability has also been found to have the same effect 
(Marschner, 1995). Nitrogen increases the growth of plants and O3 is reported to decrease 
the growth of plants (Davison & Barnes, 1998). In such opposing  effects,  plants  may  
either  become  more  susceptible to O3 because of growth stimulation by extra available 
N, or alternatively enhanced detoxification capacity from N stimulated photosynthesis 
could  reduce O3  sensitivity. Combined effects of elevated N deposition and increases in 
O3 concentrations on semi-natural communities are still unclear. Single factor studies 
indicate that responses are similar i.e. both individually cause shifts in species 
composition and loss of biodiversity. Interactive effects on community response may or 
may not be same. The availability of N is one of the important factors that can alter 
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responses of plants to O3 (Davison & Barnes, 1998; Mills, 2002; Bassin et al., 2009). 
Several studies have been carried out exploring O3 x N interactions. Table 2.1 gives a 
summary of these experiments. Most of these studies involved combined O3 x N 
investigations with trees. Different studies report contrasting results. Tjoelker & Luxmoore 
(1991) reported a reduced needle biomass of loblolly pine in high O3 and high N treated  
plants.  
 
Table: 2.1: Summary of experiments exploring O3 x N interactions 
 
Reference 
Exposure 
method 
N levels 
O3 
treatmen
t levels 
Plant 
material 
Duration 
Interactive 
effects 
Tjoelker & 
Luxmoore, 
(1991) 
OTC 
Soluble N soln. 58,96 
&172µgg-1 
FA &   
ambient+60
nll-1 
Seedlings of 
Pinus taeda L. 
18 weeks 
HN and HO3= 
Negative 
Paakkonen & 
Holopainen, 
(1995) 
Open air 
field 
exposure 
74 & 150 Kg ha-1   
year-1 
1.5 x 
ambient& 
1.7 ambient 
respectively 
for two 
years 
Saplings of three 
clones of Betula 
pendula Roth. 
Two 
growing 
seasons 
Both positive 
and negative 
depending 
upon the 
studied 
parameter 
Greitner et 
al.,(1994) 
OTC with 
rain 
exclusion 
covers 
High=3.5 g of      NPK 
fertilizer/soil/ 
application Low=25% 
of high 
Ambient 
(0.073µl l1) 
Seedlings of 
aspen 
12 weeks No interaction 
Landolt et 
al., (1997) 
Field 
fumigation 
chambers 
High=0.05% of 
fertilizer soln. 
Low=0.005% of 
fertilizer soln. 
90/40 nll-1 
(day/night) 
Betula pendula 
Roth. clone from 
cuttings 
One 
growing 
season 
HN= Positive 
Thwaites, 
(1997) 
Fumigation 
chambers 
inside 
glasshouse 
Rorisons nutrient soln. 
with dilutions 1,0.1 and 
0.5 
80 ppb 
Three species 
from calcareous 
grasslands 
21 days No interaction 
Brendley & 
Pell, (1998) 
OTC 
High=N enrichments of 
175 & 250% to the 
nutrient medium 
optimal for aspen 
growth, Low= 5,15 and 
30% to the nutrient 
medium 
73 nll-1 Aspen seedlings 36 days HN=Negative 
Whitfield et 
al., (1998) 
Controlled 
environment 
fumigation 
chambers 
High=100% nutrient 
soln.(12-15-15, N.P.K) 
Low=10% of high 
70 nll-1 
O3  sensitive and 
resistant 
population of 
Plantago major 
11 weeks LN= Negative 
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Table 2.1 : continued 
Reference 
Exposure 
method 
N levels 
O3 treatment 
levels 
Plant 
material 
Duration 
Interactive 
effects 
Bielenberg et 
al., (2001) 
OTC with rain 
exclusion 
covers 
Nutrient soln. 
High=3.57 
mM Low= 
0.71mM 
0.08µll-1 
Hybrid poplar 
cuttings 
Four 
growing 
seasons 
LN= Negative 
Sanz et al., 
(2005) 
OTC 
5,15 &30 Kg  
h-1year-1 
FA, NFA, 
NFA+40nll-1 
Seedlings of 
Trifolium 
subterraneum 
30 days 
Both positive 
and negative 
Yamaguchi et 
al., (2007) 
OTC 
0,20 &50 Kg  
h-1year-1 
1, 1.5 and 2 x 
ambient 
(approx.<15nll-1) 
Seedlings of 
Fagus crenata 
Two 
growing 
seasons 
HO3 &HN 
=Negative 
Häikiö et al., 
(2007) 
Free air 
fumigation 
39 &70 Kg  
h-1year-1 60 
&140 Kg 
 h-1year-1 
respectively 
for two 
consecutive  
years 
Ambient (20 ppb) 
or 1.5 x ambient 
Saplings of 
European aspen 
and a hybrid 
clone 
Two 
growing 
seasons 
Positive 
Watanabe et 
al., (2007) 
OTC 
0,20 & 50 
Kgh-1year-1 
1, 1.5 & 2 x 
ambient 
Saplings of 
Quercus serrata 
Two 
growing 
seasons 
No interactive 
effects 
Sanz et al., 
(2007) 
OTC 
10,30 &60 
Kgh-1year-1 
FA, NFA, 
NFA+40nll-1 
Seedlings of 
Trifolium 
striatum 
30 days NFA=Positive 
Handley & 
Grulke, 
(2008) 
Field 
fumigation 
chambers 
0,50 Kg 
h-1year-1 
0,75 &150 ppb 
California black 
oak seedlings 
3 months 
Non significant 
interactions 
Bassin et al., 
(2009) 
Free air 
fumigation 
0,5,10,25&5
0 Kgh-1year-1 
Ambient, 
1.2xambient&1.6x 
ambient 
11plant species 
of subalpine 
pasture 
3 years 
No interactive 
effects 
Yamaguchi et 
al., (2010) 
OTC 
0,20 &50Kg 
h-1year-1 
1.1.5&2xambient 
Seedlings of 
Fagus crenata 
2 growing 
seasons 
Negative=HN&
HO3 
Jones et al., 
(2010) 
Solardomes 
12&100Kg 
h-1year-1 
Four regimes 10-
30, 35-55, &85-
105 ppb 
Rhizomatous 
sedge Carex 
arenaria 
10 weeks Positive=HN 
Sanz et al., 
(2011) 
OTC 
10,30 &60 
Kgh-1year-1 
FA,NFA,NFA 
+40 nll-1 
Seedlings of 
Briza maxima 
45 days Positive=HN 
 
 
 
Key: OTC= open top chambers, FA=  Filtered air, NFA= Non filtered air, HN= High nitrogen, LN= Low 
nitrogen, HO3 = High ozone exposure Interactive effects negative= when combined effects were not 
beneficial for studied plants, Interactive effects positive= when interactive effects were beneficial for studied 
plants. 
 
Paakkonen & Holopainen (1995) in their experiment with O3 x N interactions with 
birch saplings showed decrease in leaf area in their medium N treatment (74 Kg ha
-1
year
-1
) 
and an increase in high N treated (150 Kg ha
-1
year
-1
) plants. Landolt et al. (1997) 
demonstrated that well fertilized Betula pendula plants coped better with impacts of O3 on 
leaf metabolism than plants that had received only low levels of fertilizer inputs. Haikio 
et al. (2007) also found that N mitigated the adverse effects of O3 on the growth of 
European aspen and hybrid aspen (P. tremula x P. tremuloides) clones. Some studies 
have revealed greater O3 sensitivity at higher N levels for example; Pell et al. (1995) 
stated growth reductions in response to O3 in high N treated aspen seedlings. Yamaguchi 
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et al. (2007) also found that sensitivity of growth and photosynthesis to O3 became high 
with greater N additions in the seedlings of Fagus crenata. In their another experiment, 
Yamaguchi et al. (2010) again indicated high N, O3 treated leaves of Fagus crenata 
seedlings to show a decrease in the soluble proteins. Low N has also been reported to 
exacerbate O3  effects for example Bielenberg et al. (2001) reported an increase in the 
rate of O3  induced accelerated senescence in low N treated hybrid poplar plants.  
For  non-forest  systems,  studies  have  mostly  been  carried  out  with  grassland  
species. Whitfield et al. (1998) reported a decrease in seed production and dry weight 
of low N,  O3 treated Plantago major plants. Sanz et al. (2005) mentioned a decrease in 
nutritional quality and a decrease in the rate of O3   induced foliar senescence in high 
N treated plants of Trifolium subterraneum. In another similar experiment Sanz et al.  
(2007), found N fertilization to counterbalance O3 effects (i.e. reduced total aerial and 
flower  biomass and seed production) at moderate O3 level  (Table 2.1) but not in high 
O3 levels in Trifolium striatum. Jones et al. (2010a) reported high N to reduce the 
proportional senescence with increasing AOT40 in plants of rhizomatous sedge while 
Sanz et al. (2011) described N supplementation to counterbalance O3 induced 
senescence in Briza maxima. 
2.1.4 Aims and objectives of the study 
 
The present study was conducted to investigate the role of contrasting levels of soil N 
availability in modifying response of mesotrophic grassland species to O3. This study was 
carried out in fumigation chambers with the following specific objectives:  
 To  determine  the  O3 sensitivity  of  selected  plant  species  using  a  variety  of 
physiological and growth measurements.  
 To establish whether effects of O3 are modified by N availability.  
The hypotheses for the current study were: 
 N being an essential nutrient, may enhance the growth of plants and will 
ameliorate detrimental O3 effects on plant performance through stimulation in 
photosynthesis and greater resource availability for repair.  
 Low  N  can  be  a  limiting  factor  to  the  growth  of  plants  and  may  enhance  
the phytotoxic O3  effects.  
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2.2: Methods 
2.2.1: Plants 
Four  plant  species,  Cirsium  arvense  (forb),  Centaurea  nigra  (forb),  Trifolium  
pratense (legume) and Holcus lanatus (grass) were selected for this study. The selection 
was made on the basis of the common occurance of these species in mesotrophic 
grasslands (Rodwell, 1998), as well as on the basis of their reported O3 sensitivity 
(Hayes et al., 2007b). A large number of species were selected but final selection was 
made on the basis of germination success and candidate mesotrophic grassland. Seeds 
were obtained from a commercial source (Herbiseed, Mire lane, Twyford. UK) and were 
sown into the polyethylene seed trays with Longacres multi purpose compost in a  
greenhouse. Temperature ranges in the greenhouse were from 18-22˚C and relative 
humidity varied from 55-80%. When seedlings had made sufficient root and shoot material 
for transplantation  they  were  transplanted  into  pots  (13cm  diameter) with  a  soil  mix  
of vermiculite, perlite and sand in 1:1:1 ratio. Holcus lanatus was planted as two plants 
per pot while Trifolium pratense was planted as three plants per pot. The other two 
species were planted as one plant per pot. For every species about sixty pots were 
prepared. Later 48 pots representing the healthiest plants (showing greener and more 
leaves) of each species were selected for t h e  experiment. The height and leaf number of 
selected plants was taken and they were ranked by size to ensure similar starting sizes 
between treatments. For each species, in each chamber, three replicate pots for low N 
treated plants and three replicate pots for high N treated plants were used.  
2.2.2: Nutrient solution 
 
The aim was to provide 50 kg N ha
-1
 (5/6 = 0.833 g N/m
2
 /week) as a high N treatment  and 
0 kg N ha
-1
 
as a low N treatment, over the fumigation period of 6 weeks. A modified 
Hoagland’s solution (Hoagland & Arnon, 1950) with NH4NO3 as a source of N was used 
for fertilizing high N treatments. Each high N pot received 5 ml of this Hoagland’s 
solution per week which was mixed or added to 250 ml solution application. Low N pots 
received only Hoagland’s nutrient solution without any N additions. The composition of 
nutrient solution used is given in the appendix I. Details of stock solution preperation are 
given in appendix II. 
  36
2.2.3: Experimental setup 
 
Eight perspex chambers with dimensions 0.6m x 0.6m x 0.6m, were used in a 
greenhouse fumigation system, with four chambers receiving filtered air (FA)  and four 
receiving ozone (O3) with target concentration of 90 ppb. Within each replicate chamber, 
there were 6 pots of each plant species with three replicates per N level, so there were 
48 plants for each species. Pots were placed in individual drainage trays to prevent 
contamination of nutrient solution from other pots. Plants were watered initially every 
day and later on an “as needed” basis. Plants were given their respective nutrient 
solutions twice weekly.  
The eight chambers were arranged in two parallel rows of four (2 x O3 & 2 x FA per row) 
on a slatted wooden bench. Removable front panels allowed complete access to each 
chamber. Air was pushed into the  chambers  by a 1.85 kw single inlet centrifugal fan 
(Model VBW9; Air Control Installations; Chard, Somerset) while passing through an 
activated charcoal filter (Model SNC 25L23; Emcel Filters Ltd., Horsham, Surrey). The 
filtered air was pumped into the chambers through an inlet pipe and left the chambers 
passively via exhaust pipes, and then vented outside the greenhouse. Air flow was 
balanced between chambers to give approximately 2.5 air changes per minute in each. 
Ozone   was generated by passing cylinder- stored oxygen through a 240-V, single phase 
O3  generator, model BA 023012 (Wallace and Tiernan, Tonbridge, Kent, UK), and was 
delivered to the chambers via a set of fine control needle valves, into the individual air 
streams entering into each chamber. Flow rates of O3 were regulated by manually 
adjusting individual needle valves. Ozone was monitored continuously using an O3  
monitor (Model 8820, Monitor Labs California, USA) and was recorded using a Servogor 
102 flatbed recorder (Kipp and Zonen, Hilperton, Wiltshire, UK). The O3 monitor was 
connected to the system of PTFE sample lines so that O3 in each chamber could be 
monitored. The system was set up and balanced to achieve target concentrations of 90 ppb 
in O3 fumigated chambers and hourly measurements were made to ensure this. Ambient 
light levels were supplemented using metal halide lamps (No. E40, Brinkman 
Ltd., North Humberside, UK) giving approximately 700 µ mol m
-1
 s
-1
 PPFD at 
plant height for 12 hour period each day (7:00 a.m. to 19:00 p.m.).  
A 2 x 2 factorial experiment design was used with O3 at a target concentration of 90 
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ppb, Filtered Air (FA) or ozone (O3) as one factor and two concentrations of N, High 
nitrogen (HN) and Low nitrogen (LN) as the other factor.  
 
The treatment combinations used were as follows and were replicated four times: 
 Filtered Air, Low N (FALN)  
 Ozone Low N (O3LN)  
 Filtered Air High N (FAHN)  
 Ozone High N (O3HN) 
Ozone fumigation and also N treatment started from 24
th
  Sep.2007 and ended on 5
th
 
Nov. 2007. It was carried out for six days each week and for eight hours per day i.e. 
9:00 a.m. to 17:00 p.m. resulting in a total of 36 fumigation days over a 42 days 
period. Plants were kept in chambers with just FA for two  days  (before  the  start  
of  O3 fumigation)  to  acclimatize  plants  to  the  chamber environment. In order to 
avoid variations in microclimate between chambers being confounded with O3 effects, 
pots were moved between replicate chambers every week. 
2.2.4: AOT40 calculations 
 
AOT40 was calculated by substracting 40 from each hour’s O3 concentration for eight 
hours per day of O3 fumigation and adding this value to the previous day of fumigation 
until the end of experiment. 
2.2.5: Height measurements 
 
Plant height was measured from the base of the plant above soil level to the tip of the 
longest leaf. It was measured weekly until the end of O3 fumigation. 
2.2.6: Number of leaves 
 
For each species the total number of leaves was counted each week. In the case of 
Trifolium pratense, the number of trifoliates was counted each week. 
2.2.7: Ozone injury assessment 
 
Injury assessement was carried out by carefully looking at the leaves of plants every 
  38
week and assigning one of the following scores to each pot, following the ICP 
vegeta t ion  O3 damage protocol (WGE, 2006). 
 
0: No injury 
1: Very slight injury: occurrence of first symptoms. 
2: Slight injury: 1-5% of leaves with slight injury. 
3: Moderate injury: 5-25% of leaves injured. 
4: Heavy injury: 25%- 50% of leaves injured. 
5: Very heavy injury: 50- 90% of leaves injured. 
6: Total injury: 90- 100% of the leaves are injured or dead. 
 
Ozone injury symptom was recorded as necrotic lesions or white or yellow stipples, on 
the upper surface of leaf showing loss of chlorophyll (Manning et al. 2002). 
2.2.8: Physiological measurements 
 
Photosynthesis rates and stomatal conductance were measured using a CIRAS-1 
combined infrared gas analyser fitted with a Parkinson Leaf Cuvette with an 
illumination source (PP systems, Version 1.3, Hitchin, Hertfordshire, UK). CIRAS-1 
passes a measured flow of a controlled air over a leaf sealed into the Leaf Cuvette 
(PP systems, 2003). Flow rate for leaf cuvette was adjusted to 200 cm
3
/min. A 
fully expanded leaf of each plant was taken for measurement in O3 treated 
uninjured plants and an equivalent aged leaf was used for plants grown in filtered 
air. The leaf was put into the leaf cuvette (at least one minute) until carbon and 
water differential readings became stable. For C. arvense and C. nigra measurements 
were taken on 2.5 cm
2
 of leaf area, while for H. lanatus and T. pratense, where 
leaves were narrow or small, leaf area fitting into cuvette window was estimated for 
every measurement and was adjusted into the leaf area in CIRAS 1. In  order  to  
minimise  the  effect  of  the  time  of  day, measurements were taken from treatment 
groups alternatively. Four replicates per treatment were used and measurements were 
taken once each week for the period of three weeks.  
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Light energy that is absorbed by leaf chlorophyll molecules, initiates photosynthesis 
and excess energy is either dissipated as heat or is re-emitted as light. This re-emitted 
light is called chlorophyll fluorescence (Fv/Fm). Measuring chlorophyll fluorescence can 
give us information about the changes in the efficiency of photochemistry and heat 
dissipation, as these two processes occur in competition (Maxwell & Johnson, 2000). The  
initial  or  original  fluorescence  level  (Fo)  indicates  light  emission  by  an  excited 
chlorophyll  a  molecule  in  the  antennae  structure  of  photosystem  II.  Fm represents 
the maximum fluorescence value and Fv or variable fluorescence is the difference 
between Fm and Fo. The ratio between variable to maximum fluorescence (Fv/Fm) is 
called chlorophyll fluorescence and is found to be proportional to the quantum yield of 
photochemistry (Butler & Kitajima, 1975b) and has been shown to have high  degree 
of correlation with quantum yield of net photosynthesis (Björkman & Demmig, 1987). 
Chlorophyll fluorescence measurement is a non invasive and non destructive method 
that can provide information about the environmental stresses to plants well before any 
physical signs of deterioration are evident (Hansatech, 1995). This chlorophyll  
fluorescenc was measured using a Plant Efficiency Analyser (PEA, Hansatech 
Instruments Ltd. King’s Lynn, U.K.).  The PEA utilises the continuous excitation 
fluorescence measurement principle (Hansatech Instruments, Operating Manual, 2006). 
The leaf was dark adapted by attaching it to a white plastic clip with a shutter which 
excluded light for 30 minutes before measurements. The enclosed leaf area was then 
exposed to saturating levels of illumination (3000 µmolm
-2
s
-1
)
 
for 5 seconds to obtain 
Fv/Fm. These measurements were made once each in week 4 and 5 of the experiment.  
2.2.9: Biomass 
 
All plants were harvested after the completion of the O3 treatment for six weeks. The 
above ground biomass was separated as green biomass (all leaves green) and 
senescent biomass (leaves dead or yellow in colour). The material was labelled and 
was put in an oven at 80˚C for two days.  
 
For root biomass, because of time constraints, only two replicates of each species 
from each chamber were selected. The root material in pots was kept in controlled 
temperature room at 5˚C, and plants were taken from there for root washing. Roots 
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were carefully separated from the surrounding soil by passing through several 
washes with water in buckets, and later through a fine sieve so as to minimize the 
loss of fine roots. Roots were put in the labelled paper bags and were dried in the 
oven at 80˚ C for two days. When all material was fully dry, weighing was carried out 
with an electric balance (Mettler PE 360, Our Weigh, Devon, UK).  
2.2.10: Statistical analysis  
 
Means and standard errors for each treatment combination for every week are 
presented as graphs. Plant height, number of leaves, O3 injury assessment and 
physiological data were analysed using repeated measure ANOVA while the effects 
of N treatments and O3 on biomass were analysed using two way ANOVA. Where non 
compliance with ANOVA assumptions were observed data were either log or square 
root transformed.When significant differences were found (p<0.05), differences 
between treatment means were assessed using post hoc Tukey HSD (Crawley, 2007). 
Regression analysis was carried out to look for the relationship between 
photosynthesis and stomatal conductance, and the relationship between biomass and 
stomatal conductance. All analysis was carried out in R statistical package (R 
development Core Team, 2006). 
2.3: Results 
 
2.3.1: AOT40 values 
 
Table 2.2 shows the AOT40 values for each replicate O3 receiving chamber, at the end 
of experiment. The mean AOT40 value was 14368  ppb.h. 
 
Table 2.2:  AOT40 values (ppb.h): 
 
Replicates AOT40 
1 14377 
2 14357 
3 14372 
4 14402 
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2.3.2: Visible injury  
 
Out of the four studied species, three species, (C. nigra, C. arvense and T. pratense) 
showed visible O3 injury. No visible O3 injury was seen in H. lanatus. Visible O3 
injury symptoms of T. pratense started appearing in the first week of the experiment 
after three days of exposure at AOT 40 of 1135.2  ppb.h. In the low N treated plants, 
beginning of injury (mean score 1), and in high N treated plants, no injury (mean 
score 0) was apparent. The beginning of injury (mean score 1) in low and high N 
treated C. nigra plants, was  seen after two weeks of exposure at AOT 40 of 3749  
ppb.h and at the same exposure i.e. AOT 40 of 3749 ppb.h  for both low and high 
treated  plants of C. arvense (Figure 2.1). 
 
 Significant effects of N were seen indicating low N treated plants to generally show 
greater injury compared to high N treated plants over the period of experiment. 
Injury progressed with increasing AOT40 although Time x N interactions were 
statistically not significant (Table 2.3).  
 
Table 2.3:  p values obtained through repeated measure ANOVA for the effect  
of N (Nitrogen) with time on visible injury responses (ns =non 
significant, p >0.05). 
    
Species N Time Time × N 
 
T.  pratense 
p=<0.001 
F=16.33 
p=<0.001 
F=73.9 
 
ns 
 
C. arvense 
p=0.04 
F= 4.05 
p=<0.001 
F=78.6 
 
ns 
 
C. nigra 
p=0.05 
F=6.62 
p=0.001 
F=38.6 
 
ns 
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Figure: 2.1:  Visible injury development in relation to O
3 exposure for (A) C. nigra, (B) C. 
arvense, and (C) T.pratense. O3LN= O3 low N, O3HN= O3 high N.  
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In C. nigra, injury appeared in the form of white or yellow stipples followed by 
yellowing and browing of leaves. In C. arvense, symptoms appeared as small, whitish 
stipples and in T. pratense, O3   injury was in the form of brownish necrotic lesions 
on the upper surface of leaves (Figure 2.2).  
   
A. Centaurea nigra B. Cirsium arvense C. Trifolium  pratense 
 
Figure 2.2 :  Pictures of O3 injury in studied species. 
 
2.3.3: Physiological measurements 
2.3.3 (a): Stomatal conductance and photosynthesis rate 
 
Generally a decrease in stomatal conductance and photosynthesis rate were 
observed in O3 treated plants. Significant decreases were found only in T. pratense 
and C. nigra (Table 2.4). Data for different time intervals for each species are 
presented in Figures 2.3 & 2.4. Significant N effects show a greater stomatal 
conductance and photosynthesis rate in high N treated plants compared to low N 
treated plants in O3 treatments, at few time intervals.  
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Figure 2.3:  Stomatal conductance measured at three time intervals during experiment. (A) T. 
pratense, (B) C. arvense, (C) C. nigra and (D) H. lanatus. O3LN= Ozone low N, 
O3HN= Ozone high N, FAHN= Filtered air high N, FALN= Filtered air low N. 
Different letters show significant differences between treatments. Error bars show 
±SEM. 
 
 
Figure 2.4:  Photosynthesis rate measured at three time intervals during experiment. (A) T. 
pratense, (B) C. arvense, (C) C. nigra and (D) H. lanatus. O3LN= Ozone low N, 
O3HN= Ozone high N, FAHN= Filtered air high N, FALN= Filtered air low N. 
Different letters show significant differences between treatments.Error bars show 
±SEM. 
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Species 
 
Parameter 
 
O3 
 
N 
 
Time 
 
O3 x N 
O3x 
Time 
N x 
Time 
 
 
T. pratense 
 
Gs 
p=0.05 
F=4.98 
p =0.05 
F=4.53 
p<0.001 
F=35.5 
 
ns 
 
ns 
 
ns 
 
A 
p =0.01 
F=7.3 
 
ns 
p=0.001 
F=52.84 
 
ns 
 
ns 
 
ns 
 
 
C. arvense 
 
Gs 
 
ns 
p=0.05 
F=5.03 
p=0.001 
F=33.01 
 
ns 
 
ns 
 
ns 
 
A 
 
ns 
p=0.001 
F=31.6 
p =0.001 
F=11.6 
 
ns 
 
ns 
 
ns 
 
 
C. nigra 
 
Gs 
 
ns 
p=0.05 
F=17.8 
 
ns 
 
ns 
 
ns 
 
ns 
 
A 
p=0.05 
F=6.8 
p=0.001 
F=31.46 
p=0.001 
F=5.85 
 
ns 
 
ns 
 
ns 
 
 
H. lanatus 
 
Gs 
 
ns 
 
ns 
p=0.001 
F=12.74 
 
ns 
 
ns 
 
ns 
 
A 
 
ns p=0.001 
F=22.82 
 
ns 
 
ns 
 
ns 
 
ns 
 
 
Table 2.4:  p values obtained after repeated measure ANOVA for effects of O3 
(Ozone) and N (Nitrogen) on the stomatal conductance and 
photosynthesis rate of studied species Gs = (stomatal conductance), 
A = (photosynthesis rate), ns = non significant, p >0.05.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3.3 (b): Fv/Fm 
 
Significant O3 effects were apparent only in T. pratense where a decrease in Fv/Fm 
was seen in both high and low N treated plants (Figure 2.5). Significant N effects 
were seen in H. lanatus where a decrease in Fv/Fm was observed in low N treated 
plants in both FA as well as O3 treated plants. Significant effects of time indicated a 
general decrease in Fv/Fm with passage of time. 
 
Time x N interactions in H. lanatus highlight the decrease of Fv/Fm values in low N 
treated plants with time (Table 2.5).  
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Figure 2.5:  Fv/Fm measured at two weeks, for (A) T. pratense, (B) C. arvense, (C) C. nigra and (D) 
H. lanatus. O3LN= Ozone low N, O3HN= Ozone high N, FAHN= Filtered air high N, 
FALN= Filtered air low N.  Different letters show significant differences between 
treatments. Error bars show ±SEM. 
 
 
 
 
Table 2.5:  p values obtained after repeated measure ANOVA for effects of O3 
and N on the Fv/Fm of studied species (ns = non significant, p >0.05).   
 
Species O3 N Time O3  x N N x Time 
 
T. pratense 
p=0.01 
F=7.3 
 
ns 
p=0.001 
F=53.10 
 
ns 
 
ns 
 
C. arvense 
ns 
 
ns 
p=0.01 
F=7.53 
 
ns 
 
ns 
 
C. nigra 
ns 
 
ns 
p=0.001 
F=21.19 
 
ns 
 
ns 
 
H. lanatus 
 
ns 
p=0.001 
F=29.33 
 
ns 
 
ns 
p=0.05 
F=6.32 
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2.3.4: Plant growth measurements 
 
2.3.4 (a): Non-destructive 
 
Generally plants in the high N treatment had a greater number of leaves and were 
higher compared to plants in low N treatment in both FA and O3 treatments. There 
were no main effects of O3 found on the height and number of leaves of H. lanatus, 
however significant O3 x N interactions show a decrease in number of leaves in 
response to O3 in high N treated plants, whilst an increase in number of leaves was 
observed in response to O3 in low N treated plants. Figures 2.6 & 2.7 show the data and 
Table 2.6 gives the results of statistical analysis.  
 
 
 
 
 
Figure 2.6:  Treatment effects on height of plants over time. (A) T. pratense, (B) C. arvense, (C) C. 
nigra and (D) H. lanatus.  Error bars are ± SEM. Scales of individual figures are 
different.  
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Figure 2.7:  Treatment effects on leaf number over time. (A) T. pratense, (B) C. arvense, (C) C. 
nigra and (D) H. lanatus.  Error bars are ± SEM. Scales of individual figures are 
different.  
 
 
 
Table 2.6:  p values obtained after repeated measure ANOVA for non 
destructive growth measurements of each species (ns = non 
significant, p >0.05).  
 
 
Species 
Height of plant No. of leaves 
 
O3 
 
N 
 
Time 
 
O3×N 
Time 
x 
N 
 
O3 
 
N 
 
Time 
 
O3×N 
Time 
x 
N 
 
T. pratense 
 
ns 
 
ns 
 
ns 
 
ns 
 
ns 
 
ns 
p=0.001 
 
F=45.5 
p=0.001 
 
F=562 
 
ns 
 
ns 
 
C.  arvense 
 
ns 
p<0.001 
 
F=135.1 
p=0.001 
 
F=37.15 
 
ns 
 
ns 
 
ns 
p=0.001 
 
F=91.02 
p=0.001 
 
F=163.4 
 
ns 
 
ns 
 
C. nigra 
 
ns 
p=0.001 
 
F=148.87 
p=0.001 
 
F=111.7 
 
ns 
 
ns 
 
ns 
p=0.001 
 
F=61.3 
p=0.001 
 
F=138.6 
 
ns 
 
ns 
 
H. lanatus 
 
ns 
p=0.001 
 
F=102.99 
p=0.001 
 
F=2.84 
 
ns 
 
ns 
 
ns 
p=0.001 
 
F=641.8 
p=0.001 
 
F=169.9 
p=0.001 
 
F=21.13 
 
ns 
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2.3.4 (b): Destructive 
 
2.3.4 (b) (i): Above ground green biomass 
 
 
Ozone significantly decreased green biomass in all species except H. lanatus.  
Significant N effects indicated high N treated plants to show greater green biomass 
compared to low N treated plants in both FA and O3  treatments (Table 2.7 &  Figure: 
2.8). 
 
Table 2.7:  p values obtained after two way ANOVA for above ground green 
biomass of studied species (ns = non significant, p>0.05).  
 
Species O3 N O3  × N 
 
T. pratense 
p=0.001 
F=132 
p=0.001 
F=22.8 
 
ns 
 
C. arvense 
p=0.001 
F=32.9 
p=0.001 
F=195.3 
 
ns 
 
C. nigra 
p=0.001 
F=18.61 
p=0.001 
F=85.18 
 
ns 
 
H. lanatus 
 
ns 
p=0.001 
F=225.74 
 
ns 
 
 
 
Figure 2.8:  Mean green biomass for all studied species. (A) T. pratense, (B) C. arvense, (C) C. 
nigra and (D) H. lanatus.  Error bars are ± SEM. LN, HN, FA and O3  refer to high and 
low N treated plants and Filtered air and ozone, respectively. Different letters show 
significant differences between treatments. Scales of individual figures are different.  
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2.3.4 (b) (ii): Above ground senescent biomass 
 
Results (Table 2.8 & Figure 2.9) show significant O3  effects for all species in the 
form of an increase in senescent biomass, significant N effects and O3  x N interactions 
were seen only in C. nigra, where O3  induced  increases in senescent biomass were 
greater in high N treated plants compared to low N treated plants.  
 
Table 2.8:  p values obtained after two way ANOVA for above ground senescent 
biomass of studied species (ns = non significant, p>0.05).  
 
Species O3 N O3  × N 
 
T. pratense p=0.001 
F=33.4 
 
ns 
 
ns 
 
C. arvense p=0.001 
F=37.7 
 
ns 
 
ns 
 
C. nigra p=0.001 
F=136.2 
p=0.05 
F=5.11 
p=0.001 
F=16.87 
 
H. lanatus 
p=0.001 
F=93.83 
 
ns 
 
ns 
 
 
Figure 2.9:  Mean senescent biomass for all studied species. (A) T. pratense, (B) C. arvense, (C) C. 
nigra and (D) H. lanatus.  Error bars are ± SEM. LN, HN, FA and O3  refer to high and 
low N treated plants and Filtered air and ozone, respectively. Different letters show 
significant differences between treatments. Scales of individual figures are different.  
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2.3.4 (b) (iii): Total above ground  biomass 
 
 
Ozone significantly reduced the above ground biomass in all species except H. 
lanatus. High N treated plants generally showed a greater above ground biomass 
compared to low N treated plants in all species. In H. lanatus, significant O3  x N 
interactions reveal  a decrease in above ground biomass in high N treated plants and an 
increase in above ground biomass of low N treated plants in response to O3  (Figure 
2.10 & Table 2.9). 
 
Figure 2.10:  Mean total above ground biomass for all studied species. (A) T. pratense, (B) C. 
arvense, (C). C nigra and (D) H. lanatus.  Error bars are ± SEM. LN, HN, FA and O3 
refer to high and low N treated plants and Filtered air and ozone, respectively. Different 
letters show significant differences between treatments. Scales of individual figures are 
different.  
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Table 2.9:  p values obtained after two way ANOVA for total above ground 
 biomass of studied species (ns = non significant, p>0.05)  
 
Species O3 N O3  x N 
T. pratense p=0.001 
F=64.3 
p=0.001 
F=12.8 
ns 
C. arvense p=0.01 
F=7.38 
p=0.001 
F=134.8 
ns 
C. nigra p=0.05 
F=4.32 
p=0.001 
F=153.4 
ns 
H. lanatus ns  p=0.001 
F=225.9 
p=0.05 
F=5.27 
 
 
 
2.2.3(b) (iv): Below ground biomass 
 
Ozone significantly decreased the below ground biomass of all species except H. 
lanatus where although a decrease in below ground biomass was seen in high N treated 
plants, this was not statistically significant.  Significant N effects indicated high N 
treated plants to produce greater below ground biomass than low N treated plants, in all 
species, except H. lanatus. The O3 x N interactions showed a greater O3 induced 
decrease in below ground biomass of high N compared to low N treated plants (Figure 
2.11 & Table 2.10). 
 
Table 2.10:  p values obtained after two way ANOVA for below ground biomass 
of studied species (ns = non significant, p>0.05).  
 
Species O3 N O3  x N 
 
T. pratense 
p=0.001 
F=67.18 
p=0.05 
F=4.95 
 
ns 
 
C. arvense p=0.05 
F=5.14 
p=0.05 
F=5.45 
 
ns 
 
C. nigra 
p=0.001 
F=15.72 
 
ns 
 
ns 
 
H. lanatus 
 
ns 
p=0.001 
F=16.4 
p=0.01 
F=11.86 
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Figure 2.11: Mean below ground biomass for all studied species. (A) T. pratense, (B) C. arvense, 
(C). C nigra and (D) H. lanatus.  Error bars are ± SEM. LN, HN, FA and O3 refer to 
high and low N treated plants and Filtered air and ozone, respectively. Different letters 
show significant differences between treatments. Scales of individual figures are 
different.  
 
 
2.3.4 (b) (v): Total  (above + below ground) biomass 
 
 
Ozone significantly decreased total biomass for three out of four screened species. 
Significant N effects indicated generally greater biomass in high N treated plants 
compared to low N treated plants except H. lanatus where an increase rather than 
decrease was observed in low N treated plants. O3 x N interactions in this species 
revealed high N to exacerbate the O3 induced decreases in total biomass (Figure 2.12 & 
Table 2.11). 
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Figure 2.12:  Mean total biomass for all studied species. (A) T. pratense, (B) C. arvense, (C) C. nigra 
and (D) H. lanatus.  Error bars are ± SEM. LN, HN, FA and O3 refer to high and low N 
treated plants and Filtered air and ozone, respectively. Different letters show significant 
differences between treatments. Scales of individual figures are different.  
 
 
 
 
Table 2.11:  p values obtained after two way ANOVA for total biomass of studied 
 species (ns = non significant, p>0.05).  
 
 
Species O3 N O3  x N 
 
T. pratense 
p=0.001 
F=45.7 
p=0.01 
F=9.54 
 
ns 
 
C. arvense 
p=0.05 
F=4.77 
p=0.001 
F=27.8 
 
ns 
 
C. nigra 
p=0.01 
F=8.67 
p=0.001 
F=23.96 
 
ns 
 
H. lanatus 
 
ns  
p=0.001 
F=75.5 
p=0.01 
F=12.08 
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2.3.4 (b) (vi): Below ground and above ground biomass partitioning 
 
Root/shoot ratio was significantly decreased in O3   treated plants of all species 
except C. arvense. Nitrogen effects were apparent as lower root/shoot ratio in high N 
treated plants compared to the low N treated plants although in T. pratense, root/shoot 
ratios were similar in both N treatments. In C. nigra, a significant O3  x  N  interaction  
indicated  greater  decrease  in root/shoot ratio in response to O3  in low N compared to 
high N treated plants. Figure 2.13 shows the data and Table 2.12 presents the results of 
statistical analysis. 
 
Figure 2.13:  Mean root/shoot ratio for all studied species. (A) T. pratense, (B) C. arvense, (C) C. 
nigra and (D) H. lanatus. Error bars are ± SEM. LN, HN, FA and O3 refer to high and 
low N treated plants and Filtered air and ozone, respectively. Different letters show 
significant differences between treatments. Scales of individual figures are different.  
 
Table 2.12:  p values obtained after two way ANOVA for root/shoot ratio of 
studied species (ns=non significant, p >0.05).  
 
Species O3 N O3  x N 
 
T. pratense 
p=0.001 
F=55.32 
 
ns 
 
ns 
 
C. arvense 
 
ns 
p=0.001 
F=7.53 
 
ns 
 
C. nigra 
p=0.001 
F=21.75 
P=0.001 
F=122.4 
p=0.01 
F=8.23 
 
H. lanatus 
p=0.05 
F=5.31 
p=0.001 
F=74.18 
 
ns 
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2.4. Discussion  
 
 
All four species used in this study have been found to be O3   sensitive in terms of 
the multitude of physiological and integrating growth responses. This confirms findings 
of others, for example;  Ensing & Hofstra(1982), Reiling & Davison (1992b), 
Bergmann et al. (1995), Manning  et  al. (2002),  Degl'Innocenti  et  al. (2003),  
Scebba  et  al.  (2003),  Jaggi  et  al.(2005), Thwaites et al. (2006) and Hayes et al. 
(2009) who have also reported O3  sensitivity in a range of responses in these species. 
However, this study is the first to investigate how differing levels of soil N effect O3 
sensitivity of these species. When overall means for each parameter were compared, in 
most cases N was found to have significant effects on the growth and physiological 
responses of each species. High soil N availability generally resulted in an increase in 
growth of species. However, individual effects of O3 and N on species were variable 
depending on the response parameter measured. This is in agreement with Davison & 
Barnes (1998) who mentioned that the relative ranking of O3 sensitivity in wild plants 
is affected by the response criterion used. In some of the parameters, interacting O3 x N 
effects were also observed and are discussed in the following sections. Table 2.13 
provides the summary of responses.  
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Table 2.13:  Responses to O3 as % increase (+) or % decrease (-) from controls i.e. 
 filtered air (FA). TAG=Total above ground biomass, BG=Below  
ground biomass and BGB/AGB = Ratio of below ground biomass to  
above  ground biomass (Root:shoot ratio). LN and HN refer to low 
 and high N  respectively.  
 
 
 
 
Parameter 
Species 
T. pratense C. arvense C. nigra H. lanatus 
HN LN HN LN HN LN HN LN 
Height of plant -1.9 -0.53 +2.54 -2.08 +0.73 -6.31 -2.23 +3.62 
No. of leaves -25 -5.6 +0.67 +4.9 -1.64 +1.9 -2.6 +28.5*** 
Photosyntheis rate -11.6 -25.8 -4.7 -11.8 -18.12 -10.4 -20.8 -9.92 
Stomatal conductance -4.6 -14.2 -6.4 -2.6 +1.17 -10 -5 -3.9 
Fv/Fm -0.96 -54 -0.005 -0.91 -0.02 -0.97 -2.53 -0.18 
Green biomass -64.6 -63.9 -27 -47 -0.86 -33.6 -25 +16 
Senescent biomass +80 +146 +316 +214 +1779*** +190 +368 +265 
TAG biomass -55 -42 -14 -27.8 -26.8 +3.5 -12.7 +72.8* 
BG biomass -66 -64 -38 -18.8 -46 -27.3 -48.7 +39** 
Total biomass -53.8 -44 -26.5 -20.6 -34 -11.9 -38.5 +0.25** 
Root/shoot -32.6 -39.8 -2.7 -0.28 -29.8** -37.7 -34 -3.5 
 
significance codes (p) = * = 0.05, ** = 0.01, *** = <0.001 
 
2.4.1: Visible O3 injury assessment 
 
All studied species showed visible O3 injury, except the grass, Holcus lanatus. This 
finding is in agreement with a previous study, Reiling & Davison (1992b) where 
after carrying out an initial screening of 32 taxa, exposed to 70 nl l
-1
 O3  given for 7 
hour per day  for two weeks, no visible O3  injury symptoms  were found in H. lanatus. 
Hayes et al. (2006) also did not find any significant O3   effects on H. lanatus at 
AOT40 of 18.3 ppm.h, however, Tonneijck et al. (2004) noted visible foliar injury as 
necrotic spots in H. lanatus at AOT40 of 4596 nl l
-1 
h and 10716 nl l
-1 
h. Injury 
symptoms found in the present study for C. nigra are different from those reported by 
Manning et al. (2002) who reported bronze purple stipples and reddening in the same 
species. Centaurea nigra has also been suggested as a bioindicator plant for ambient O3 
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in Central and Eastern Europe on the basis of development of O3 injury symptoms 
(Manning & Godzik, 2004). The present research suggests that evironmental factors, 
for example,  soil N should be considered when evaluating  the  extent of visible 
injury, especially in bioindicator species, as C. nigra showed greater visible O3  injury 
in low N treated plants with increasing AOT40 (Figure 2.2) compared to high N 
treated plants in the current study. This is also supported by one of the ICP 
Vegetation, N x O3 experiments from Ebro Delta Spain, where elevated N resulted in 
lower O3 injury in Centaurea jacea at some sites in some years (Mills et al., 2006).  
 
Ozone injury symptoms found in C. arvense in the present study are similar to the ones 
that were found by Bergmann et al. (1995) i n  C. arvense while studying the 
relative O3 sensitivities of 25 German native herbaceous plant species. Ozone injury 
symptoms observed for T. pratense in the present study are consistent with Scebba et 
al. (2003) who also noted the similar symptoms in T. pratense, after 24 hours of acute 
O3  exposure (150 ppb for 3 hours). T. pratense was found to be most sensitive in 
terms of visible injury among all species in this study. This is in agreement Bermejo 
et al. (2003) who carried out a screening study to assess the O3   sensitivity of 22 
native plant species from mediterranean annual pastures, based on visible injury, and 
found that Trifolium was the most O3   sensitive genus. In the present investigation, in 
contrast to expectations, significant N effects were apparent as low N treated plants 
showed a greater extent of visible injury compared to high N treated plants with 
increasing O3  exposure. This is in contrast to Sanz et al. (2005) who whilst studying 
the effects of O3 and increased N supply (three levels of N) on Trifolium subterraneum 
did not find any significant difference in the visible foliar injury between different N 
treatments (Table 1.1). In the present experiment the beginning of injury was at an 
AOT40 of 1169 ppb.h for T. pratense and C. nigra, whereas in C. arvense injury 
started appearing at an AOT40 of 4728  ppb.h (Figure 2.1).  
 
A lack of visible injury does not mean that the pollutant has not induced any change 
(Heath, 1994) and visible injury symptoms do not necessarily indicate sensitivity in 
terms of growth reduction (Scebba et al., 2003). The present investigation is consistent 
with these statements as in H. lanatus no visible injury symptoms were found but it 
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exhibited sensitivity to O3 in the other parameters addressed. Similarly the remaining 
three species showed visible injury symptoms but varied in their sensitivity to O3 in 
other parameters investigated in this study.  
2.4.2: Non- destructive growth measurements  
 
Significant N effects expressed as greater height and number of leaves, in high N 
compared to low N treated plants were found in all species, except for the height of T. 
pratense. The reason for this may be that legumes usually maintain their N status 
despite a reduction in  supply (Montes et al., 1983). No interactive O3 x N effects 
were found for plant height or number of leaves for the studied species except for 
the number of leaves for H. lanatus. In this species, in response to O3 a decrease in 
number of leaves in high N treated plants, was observed (Table 2.13). This is in line 
with Paakkonen & Holopainen (1995) who found that the number of leaves tended to 
decrease under high N supply in Betula pendula seedlings exposed to higher than 
ambient levels of O3.  
2.4.3: Physiological measurements 
 
Ozone generally decreased stomatal conductance in all species except C. nigra where 
high N treated plants exhibited an increase. Significant decreases, however, were 
noted only in T. pratense. This is in contrast to Degl’Innocenti et al. (2003) where, 
while assessing the impact of acute O3 concentration (150 nll
-1
), no change in stomatal 
conductance was found in O3 exposed leaves of T. pratense. Significant effects of N 
were found for stomatal conductance of all species except H. lanatus. Stomatal 
conductance was lower in plants with low N compared to the high N ones. This is in 
agreement with Whitfield et al. (1998) who studied the effects of nutrient limitation 
on the response of Plantago major to O3 and showed that low N treated plants had 
significantly lower stomatal conductances than high N treated plants. There were no 
significant O3 × N interactions, however, in response to O3 generally greater decrease 
in stomatal conductance of low N treated plants of T. pratense and C. arvense was 
observed.  
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Significant O3 induced decreases were found only in the photosynthesis rate of T. 
pratense and C. nigra (Figure 2.4, Table 2.4 & Table 2.13). Significant N effects were 
seen with high N treated plants showing higher photosynthesis rates compared to low N 
treated plants of all species except T. pratense. No significant O3 X N interactions were 
found although there was a trend towards greater decreases in photosynthesis rate in the 
low N treated plants of T.  pratense and  C.  arvense.  It can be argued that N might have 
counterbalanced the effects of O3   on photosynthesis rate in these species, as increased 
N availability may increase the production and turnover of the Rubisco. Rubisco is one 
of the key enzymes of photosynthesis representing the largest contribution to leaf N 
content, and has been reported to be damaged or show reduced activity following O3 
exposure (Pell et al., 1997). A decrease in the Fv/Fm ratio may represent increased 
activation of photosystem II by non photochemical processes and this is generally linked 
to the decrease in photochemistry and photosynthetic   rate.   Decrease   in   Fv/Fm   ratio   
therefore   is   a   sensitive   indicator   of photosynthetic energy conversion (Farage et al., 
1991). In the present, study T. pratense was the only species that showed significant 
decreases in Fv/Fm in response to O3. This is consistent with Scebba et al. (2003), 
who reported significant O3  induced decline in Fv/Fm ratio in T. pratense at higher 
concentrations of O3  i.e. 150 ppb. Degl'Innocenti et al. (2003) also reported a decrease 
in the ratio of Fv/Fm   in T. pratense following relatively short (3 hours) acute O3 
exposure (150 nl l
-1
). Significant N effects on Fv/Fm were seen only in H. lanatus 
where higher Fv/Fm values were observed in high N compared to low N treated plants. 
In this species, significant interactive N x Time effects were also apparent indicating a 
further decrease of Fv/Fm values in low N treated plants with passage of time. 
 
Stomatal conductance is closely related with photosynthetic activity and in healthy leaves it 
is closely linked to the photosynthetic rate (Long, 1985). At higher O3 concentrations, 
stomatal conductance is lowered as stomata tend to close in response to pollutant 
exposure. Farage et al. (1991) stated that a decrease in photosynthesis rate was closely 
related with a reduction in stomatal conductance in wheat plants, fumigated   with either 
200 or 400 n mol mol
-1
 O3 for between 4 and 16 hours. In this study, with the exception 
of T. pratense and C. nigra, significant positive correlation was found between 
photosynthesis rate and stomatal conductance of C. arvense (R
2
= 0.27, p=0.03) and H. 
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lanatus (R
2
= 0.60, p=0.02). In these species,   an   increase   in   stomatal   conductance   
was   accompanied   by   an   increase   in photosynthesis rate. 
2.4.4: Destructive growth measurements (Biomass at harvest) 
 
 
Ozone significantly decreased the above ground, green, below ground and total biomass 
of C. nigra, T.  pratense   and C. arvense. Holcus lanatus did not however, show any 
significant reduction in either above or below ground biomass. In this species O3 effects 
were apparent as a significant increase in senescent biomass. The O3 effects results on 
the above ground biomass of these species contradict Hayes et al. (2007a) who in their 
meta analysis of sensitivity of species to O3 have reported T. pratense to be insensitive to 
O3 and H. lanatus to be sensitive to O3 in terms of biomass response. Although there were 
no main effects of O3 in H. lanatus, significant O3 x N interactions were found on the 
total above ground, below ground and total biomass. Low N treated plants showed an 
increase in growth in response  to O3  compared to high N treated plants which showed 
decrease (Figures 2.10-2.13 D, Table 2.13), suggesting an increased  sensitivity of this 
species to O3   in high N soils. The decline in biomass of  high N treated  plants in  H. 
lanatus is consistent with the study by  Thwaites et al. (2006) in open top chambers using 
turves from calcareous grassland, with three different concentrations of O3, they found a 
decline in the biomass of H. lanatus in the 90 ppb O3 treatments. The present 
experiment, however, draws attention towards the modifying role of N in O3 impacts 
studies on grassland species, as biomass responses of H. lanatus to O3 were completely 
different in high and low N treated plants. Power & Ashmore (2002) reported no 
significant O3 effects on the above  ground weight of C. arvense (at an AOT40 of 10,000 
ppb.h for 23 days, 8 h per day), whereas the same species used in the current study 
displayed significant decreases in responses to O3 and also biomass responses to N 
addition. Effects of O3 on above ground biomass of this species in low N were twice the 
magnitude of those seen in high N (Figure 2.10, Table 2.13).  
 
Ozone  increases leaf senescence in sensitive species. Dawnay & Mills (2009) reported O3 
effects on senescence to be far more prevalent than effects on growth. In the present 
investigation O3 significantly increased the senescent biomass of all studied species. Highly 
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significant O3  x N interactions were found for the senescent biomass of C.  nigra, showing 
a greater senescence in high N treated plants in response to O3. This is in contrast to 
Bielenberg et al. (2001), who found an increase in O3  induced accelerated senescence in a 
hybrid poplar with reduced soil N availability. Centaurea nigra is one of the constant 
species of MG5 and increased senescence in high N treated plants in response to O3 
found in the present study, underlines the fitness of this species in high N conditions, as 
leaf senescence is the last stage of leaf development and is critical for plant fitness (Lim et 
al., 2007).  
 
In nutrient poor grasslands, a larger proportion of resources is allocated to the roots so as 
to improve uptake in poor nutrient and water availability and changes to the resource 
allocation pattern may greatly influence the competition between species (Aerts et al., 
1991). Reiling & Davison (1992b) in their investigation of responses of native herbaceous 
species to O3 reported significant shifts in root/shoot ratios with 9 taxa showing decreases 
and 5 taxa showing increases. Reiling & Davison (1992a) in another experiment 
investigating impacts of short term O3 exposure on different stages in the development of 
P. major, proposed that during the development of plants, the relative strengths of sources 
and sinks change and the effects of O3 on resource allocation will depend upon the timing 
of O3 episode in relation to the developmental stages of plants. In the present experiment, 
significant effects of O3 were found on the root/shoot ratios of three out of four studied 
species. The exception was C. arvens. This is in contrast to the study by Power & Ashmore 
(2002) which reported decreases in root/shoot ratio in response to O3 in the same species. 
The root/shoot ratio was generally higher in low N treated plants compared to the high N 
treated plants, except T. pratense where the effects were non significant. The only 
significant O3 x N interaction on root/shoot ratio was found in C. nigra where O3 
induced decreases in root/shoot ratio were bigger in low N compared to high N treated 
plants.  
 
Thwaites (1997) while mentioning the effects of O3   on plant growth in different 
nutrient concentrations, related the significant reductions in biomass of Arrhenatherum 
elatius to the significantly lower rates of photosynthesis and stomatal conductance 
because of O3 effects. In the present study however, significant reductions in biomass of 
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studied species is found but cannot be related to the O3 effects on stomatal conductance 
except H. lanatus (R
2 
= 0.57, p= 0.05).  
 
 
The species used in this study have shown a range of responses to combined O3 and N. 
Overall, T. pratense exhibited the greatest decrease in total biomass in response to O3. 
There were greater decreases in below ground compared to above ground biomass of 
this species and high N treated plants were more sensitive to O3 compared to low N 
treated plants. Trifolium  pratense  is  a  N  fixing  legume  and  with  increasing  N  inputs  
into  grassland  ecosystems concomitant with increasing O3  concentrations, we can expect 
greater effects on this species with  likely implications  for ecosystem functioning.  The 
greatest O3   induced increase in senescent biomass among other species was found in 
high N treated plants of C. nigra. Increased senescence represent decreases in 
chlorophyll and photosynthesizing area (Fang et al., 1998). In the present study increased 
senescence as a response to O3  in high N treated plants of C. nigra can be related to the 
proportionally highest decrease, in photosynthesis rate in high N treated plants of all the 
species in this study (Table 2.13). The N deposition studies on  grassland  ecosystems  for  
example;  Stevens  et  al. (2004;  2006)  generally report  that grasses grow better in high 
N conditions. In the present study the only grass species  (H. lanatus)  performed  better  
under  low  N  conditions  when  exposed  to  O3.  The  current investigation,  however,  
is  a  greenhouse  study  with  individual  species  rather  than  field communities. Further 
research is therefore warranted using mixed communities in field conditions where there 
may be an additional factor of interspecific competition for resources, which may also 
modify responses to O3.  
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2.5: Conclusions  
 
 
 Ozone affected the growth and development of all four species used in this study. 
The responses to different parameters were, however, species specific.  Based on 
combining different sensitivity criteria (for example; visible injury, height and 
number of leaves, physiological parameters and biomass) T. pratense can be 
regarded as the most sensitive species in the present experiment. 
 
 Significant  effects of N were observed in some of the studied parameters e.g. 
greater height  and  number  of  leaves,  photosynthesis  rate,  stomatal  
conductance,  Fv/Fm values, green, above ground,  below ground and total 
biomass was found in high N treated plants in all species except H. lanatus. 
 
 Holcus lanatus was the only species in which low N treated plants showed greater 
growth and biomass than high N treated plants. 
 
 Hypothesis 1 that N being an essential nutrient, may enhance the growth of plants 
and will ameliorate  detrimental O3  effects on plant performance, is accepted for 
visible injury results from C. arvense, C. nigra and T. pratense, where a greater 
injury was observed in low N treated plants compared to high N treated plants. 
 
 Hypothesis 2 that Low N can be a limiting factor to the growth of plants and may 
enhance  the  phytotoxic  O3   effects,  is  rejected  for  number  of  leaves,  total  
above ground,  below  ground  and  total  biomass  responses  of  H. lanatus and  
senescent biomass responses of C. nigra. Low N treated plants of H. lanatus 
produced significantly greater number of leaves, greater total above ground, below 
ground and total biomass in response to O3. Similarly low N treated plants of C. 
nigra produced less senescent biomass as a response to O3, compared to high N 
treated plants where increase in senescent biomass in response to O3 was greater. 
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Chapter 3: Nitrogen deposition and changing ozone patterns: 
physiological responses of calcifugous grassland species 
(grown as single and mixed species in pots within open top 
chambers) 
 
3.1: Introduction  
 
Anthropogenic activities have led to increases in ammonia (NH3) and oxides of nitrogen 
(NOx) (Canfield et al., 2010). Both of these compounds result in enhanced N deposition 
and elevated tropospheric O3 concentrations. Increased N deposition and elevated O3 
concentrations are two important global environmental change drivers (Sanz et al., 2011), 
that may bring about changes in plant community composition ultimately affecting 
ecosystem processes (Sala et al., 2000).  
3.1.1: Nitrogen deposition effects on calcifugous grasslands 
 
Acid or calcifugous grasslands comprise different plant species that are adapted to poor 
growth conditions and tend to be rich in biodiversity (Rodwell, 1998). In the UK, low 
land acid grasslands have been classified as priority habitats under biodiversity action 
plan. These grasslands are very variable in terms of species richness and stands can range 
from relatively species-poor (less than 5 species per 4m²) to species-rich (in excess of 25 
species per 4m²) (Biodiversity reporting and information group, 2007).  
 
Plant communities in acid grasslands are adapted to low rates of N supply and low 
nutrient demands. Elevated rates of N deposition to these communities has the potential 
to increase soil N availability (Stevens et al., 2004). This may lead to the establishment of 
species which grow best in high N soils and outcompete those  adapted to  conditions of 
low fertility and ultimately N deposition  can  bring  about  changes  in species  
composition   (Stevens  et  al.,  2010). Experimental  evidence of  changes  in  the 
responses of calcifugous  grasslands  species  to increased  N  deposition  comes  from  a  
number  of  previous  investigations.  For example, Johnson et al. (1998) reported a 
decrease in the soil microbial biomass as a response to 7 years simulated polluted 
nitrogen deposition in acid grasslands. Morecroft et al. (1994) and Lee & Caporn (1998) 
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presented results from a long term experiment investigating effects of atmospheric N 
deposition on an acidic grassland site in the Peak District of Great Britain. They reported 
the effects as a decline in moss species and a small decrease in the cover of higher 
plants, an increase in the vascular plant N concentration along with an increase in 
nitrate reductase activity and a stimulation of soil N mineralization rates. Carroll  et 
al. (2003) showed high N load (70 & 140 Kg N ha
-1
 
year
-1
) in a 6 year long experiment 
on an acidic grassland site also in Derbyshire’s Peak District, resulted in significant 
reductions in total grass and  higher  plants  cover,  increases  in  shoot  N  content  and  
increased  mineralization  and nitrification rates. Stevens et al. (2004)  indicated an 
increase in soil N availability and a significant decrease in species richness of acid 
grasslands along a gradient of N deposition across Great Britain, while a subsequent 
study by   Stevens et al. (2009;  2010) provided evidence of nitrogen deposition reducing 
plant species richness in acid grasslands right across Europe. Dupré et al. (2010) have 
also shown that a decline in species richness is linked to increased N availability in 
their temporal comparison of vegetation data from European acidic grasslands over the 
past 70 years.  
3.1.2: Ozone and O3 x N interactive effects on grassland communities 
 
Many species in European grasslands are valuable from a biodiversity conservation 
perspective (Pärtel et al., 2005). Many of these ecosystems are exposed to O3 during the 
growing season and have been for many years (Bassin et al., 2007a). In contrast to N 
deposition studies on grassland communities, there   have   been   fewer   studies   reported 
for O3 effects on grassland communities. Most of these studies for example, Heagle et  
al. (1989), Evans & Ashmore (1992), Fuhrer et al. (1994), Ashmore & Ainsworth 
(1995), Nussbaum et  al.(1995), Pleijel et al. (1996), Nussbaum et al. (2000), Bender et 
al. (2002), Gimeno et al. (2004), Tonneijck et al. (2004), Bender et al. (2006), Rämö et 
al. (2006), Thwaites et al. (2006) and Hayes et al. (2010), have been performed with 
species mixtures exposed to O3  in open top chambers or solardomes. Most of the 
reported N deposition effect studies on grasslands were carried out with communities in 
their natural habitats and not in pots or established mesocosms. Unlike these, there have 
only been a few studies carried out investigating O3 impacts on intact communities in 
their natural habitats e.g. (Jaggi et al., 2005; Volk et al., 2006; Bassin et al., 2007b). Both 
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of these studies individually i.e. O3  effects on communities and N deposition effects on 
communities, indicate similar responses, for example, shifts in species composition by 
favouring the growth of resistant species at the expense of sensitive species.  To date there 
has not been any study reported showing the combined effects of changing O3 
concentrations and N deposition on calcifugous grassland communities. Bassin et al. 
(2009), however, have studied the combined effects of O3 and N deposition on the in situ 
properties of eleven key plant species of a subalpine pasture. They did not find any 
pronounced O3 x N interaction and suggested that these could be more pronounced in 
habitats where species are more responsive to N due to favourable growth conditions in 
terms of nutrient availability and temperature. It was suggested by Mills et al.  (2006)  that  
long  term,  combined  O3 and  N  effects  on communities,  especially  oligotrophic  
communities,  are  likely  to  make  communities  less stable and more prone to other  
environmental stresses such as climate change, herbivory, increased pathogens and 
anthropogenic events.  
3.1.3: Ozone effects on mixed species versus monocultures 
 
Ashmore & Ainsworth (1995) provided evidence that competition between species in 
mixed communities may be an important factor to consider in O3 impact studies. Since 
O3  effects on species mixtures may be modified by competitive interactions between 
species, Nussbaum et  al. (2000),  suggested  that  effects  of  O3 on mixed  plant  
communities  depend  on  the characteristics of species involved, their mixing ratio and 
environmental conditions. Table 3.1 provides a summary of competition studies with 
grassland species, where both monocultures and species mixtures have been used. Bennett 
& Runeckles (1977), found that in O3 treatments tillering of Lolium perenne in mixture 
with Trifolium incarnatum was 9% greater than that in monocultures and suggested that 
O3 has less effects on this species when growing in a two species mixture compared to 
monocultures.  
 
Bender et al. (2006) reported a greater degree of visible injury in monocultures of Poa 
pratensis  compared to mixed species, indicating that O3 effects in a competitive 
situation differ from effects observed with monocultres. They argued that in mixed 
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cultures, competing species reduced the extent of injured leaves by alteration in canopy 
structure, leading to altered O3 flux to the leaves of the grass. Tonneijck et al. (2004), 
presented results of a three year O3 experiment with four wet grassland species grown in 
monocultures and in mixed cultures with Agrostis capillaris. They did not find any 
difference in the plants responses to O3 in the first year of study but after three years, 
they found above ground biomass in one grass species, Holcus lanatus, to be three times 
greater in mixed cultures (where this species outcompeted others) compared to 
monocultures and two to four times smaller in mixed cultures for the other species. 
Hayes et al. (2009) found little difference in the individual species performance of 
Lolium perenne in response to O3, in monocultures and mixed cultures as measured at 
final harvest. In Trifolium repens, however, there was  more O3 induced decrease 
observed in biomass in monocultures compared to mixed cultures, although the  
interaction between O3 treatment and whether the plants were grown in monocultures or 
in mixed cultures was not significant. Hayes et al.  (2010a),  while  mentioning  the  O3    
effects  on  visible  injury  and  stomatal conductance of  T. repens in monocultures and 
mixed cultures from the same experiment, showed more injury in T. repens plants in 
mixed cultures compared to monocultures. They reported  no  significant  difference  in  
stomatal  conductance  between  mixed  cultures  and monocultures of T. repens but 
measurements were taken only on low O3  exposure days when O3 concentrations were 
same in all i.e. 30 ppb. Scebba et al. (2006) demonstrated a strong influence of 
competition on the response of 3 grassland species, showing differences in responses to 
O3 observed in monocultures and mixed cultures.  
 
  69
Table: 3.1:  Summary of competition studies with grasslands species considering 
 both monocultures and species mixtures. 
 
Reference Plant species O3  levels Studied responses 
 
Bennett & Runeckles 
(1977) 
Monocultures and 
mixtures of annual 
Lolium perenne and 
Trifolium incarnatum 
 
0.03 and 0.09 ppm for 
8 h day
-1 
 
Dry weight yield, leaf 
area and tiller No. 
 
 
Bender et al. (2006) 
Poa pratensis as 
monocultures and in 
mixed cultures with four 
grassland species 
 
FA+25ppb(control) 
and NFA+50 ppb 
(elevated O3) 
 
Above ground biomass, 
foliar injury and nutritive 
quality 
 
 
Tonneijck et al.(2004) 
Four species from wet 
grasslands as 
monocultures and as 
mixed culture with 
Agrostis capillaris. 
 
FA+25 nl l
-1
O3, 
NFA, NFA+25 nl l
-1
 
O3, NFA+50  nl l
-1
. 
 
Visible foliar and O3 
injury, senescence and 
toatal biomass. 
 
 
 
 
Scebba et al.(2006) 
 
Achillea millefolium and 
Veronica chamaedrys as 
monocultures and as 
mixed cultures with Poa 
pratensis. 
FA + 25 nl l  O3  and 
NFA + 50 nl l
-1
  O3. 
Chlorophyll 
fluorescence, pigment 
analysis, peroxidase 
enzyme extraction and 
activity determination, 
ascorbate content and 
redox state determination. 
 
 
Hayes et al.(2009) 
Trifolium repens and 
Lolium perenne as 
monocultures and two 
species mixtures. 
 
FA + 30 ppb and O3 
(30+ peaks= 80 and 
100 ppb). 
Total biomass, 
carboxylation efficiency 
and photosynthetic 
capacity. 
 
 
 
Hayes et al. (2010) 
 
Trifolium repens and 
Lolium perenne as 
monocultures and two 
species mixtures 
 
 
FA + 30 ppb and O3 
(30+ peaks= 80 and 
100 ppb). 
Canopy height, 
senescence and visible O3  
injury, stomatal 
conductance and 
chlorophyll concentration. 
 
 
Key: FA= Filtered air, NFA= Non-filtered air, on a volume/volume basis concentrations 
are ppb = nl l
-1
, 1000 ppb=1 ppm.  
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3.1.4: Ozone effects on physiological responses of plants 
 
Most of the O3 effects studies on grassland species have discussed responses in terms 
of biomass change or visible injury appearance, there have been comparatively fewer 
studies taking into account physiological responses. Ozone induced growth reductions 
and leaf lesions represent the late visible evidence of already impaired biochemical and 
physiological processes (Singh et al., 2009). Physiological modifications are translated 
into morphological changes such as growth reductions and injury appearance (Biswas et 
al., 2008). Biochemical and physiological parameters can be used as a potential tool in 
terms of screening different genotypes with respect to their sensitivity to O3. These 
could be used as indicators of the relationship between O3 effects and the competitive 
ability of species (Scebba et al., 2006).  
 
3.1.4 (a): Photosynthetic responses to O3 
 
Ozone effects studies in growth chambers or in open top chambers consistently show 
that O3 decreases photosynthesis (Farage & Long, 1999; Zheng et al., 2002; Crous et al., 
2006; He et al., 2007). Ozone causes this decrease by producing a variety of effects that 
range from altered chloroplast ultrastructure to loss of   electron   transport capacity and 
enzyme activity (Guderian et al., 1985; Long & Naidu, 2003). One of the reasons widely 
reported for a decline in photosynthetic capacity as a response to O3 is the shifts in the 
amount and activity of rubisco (ribulosebiphosphate carboxylase), one of the major 
photosynthetic enzyme (Dann & Pell, 1989; Brendley & Pell, 1998; Kanoun et al., 2002; 
Leitao et al., 2003; Goumenaki et al., 2010; Kets  et  al., 2010). Decreases in net CO2   
uptake rate may be by decrease in carboxylation efficiency by O3 (Farage et al., 1991; 
Xu, H. et al., 2009) or there may be decreases in stomatal conductance, limiting 
photosynthesis (Zheng et al., 2002; Xu, H. et al., 2007).  
 
 
3.1.4 (b): Stomatal conductance responses to O3 
 
It is now widely acknowledged that  stomatal conductance has a central role in 
determining O3  effects on plants, as studies have demonstrated that stomatal fluxes of O3  
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better describe the responses  of plants  compared  to  external  concentrations  of O3   
(Pleijel  et  al.,  2000; Uddling et al., 2004; Gerosa et al., 2009; Marzuoli et al., 2009). 
The current flux models for O3   impacts assessments on vegetation (LRTAP Convention, 
2010) are based on stomatal conductance measurements. Species may differ in their 
sensitivity to O3 because of differences in uptake through stomata for example, Reich 
(1987), suggested that amongst trees, conifers are less sensitive to O3  compared to broad 
leaved trees because of their lower average stomatal conductances.  
 
In O3 dose response experiments with single species or monocultures, stomatal 
conductance has been  found to either decrease (Reiling & Davison, 1995; Bergweiler et 
al., 2008; Singh et al., 2009; Akhtar et al.,  2010a),  increase (Olszyk & Tibbitts, 1981) 
or show no effects (Akhtar et al., 2010b) in response to O3. 
 
There have comparatively been few O3 dose response experiments carried out that 
report stomatal conductance of natural vegetation grown in a mixed community. There 
are several processes in mixed species mesocosms that may be responsible for 
modifying a specific response to O3, compared to when it is grown on its own. In mixed 
communities, there is likely  to  be  inherent  differences  in  stomatal  conductances  
between  species  resulting  in different O3  uptake. Leaf age may affect the stomatal 
conductance response to O3 (Zhang et al., 2010) and in mixed species mesocosms, 
there may be different rates of leaf development between species resulting into different 
O3 uptake through stomata. In mixed species environments, species may differ in their 
position within the canopy and may thus be exposed to different O3 concentrations for 
example, Jaggi et al. (2006), showed a 36% decline in mean O3 concentration, between 
0.90 m and 0.25 m of a grassland canopy.  
 
In mesocosms including two grassland species (Dactylis glomerata and Leontodon 
hispidus), Mills et al. (2009),  found  an  increase  in  stomatal  conductance  with  
increasing  O3 concentrations in inner canopy leaves of D. glomerata and a similar but 
non significant trend in L. hispidus. In contrast, Hayes et al. (2010) did not find any 
significant differences in stomatal conductance response to O3 of monocultures of T. 
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repens   compared to when these were grown in a mixture with L. perenne.  A  decrease  
in  stomatal   conductance  of Anthoxanthum  odoratum  following  a  high  O3   exposure  
(high  peaks,  100 ppb),  while  no significant difference in the stomatal conductance of 
Carex bigelowii  (in O3) was reported by Hayes (2007) while studying the effects of O3  
on mesocosms of model upland community. Wedlich (2009) found an increase in stomatal 
conductance of Holcus lanatus with increasing O3   concentrations  (10,  25  and  75 ppb)  
in  one  out  of  three  transects  at  the  free  air  O3 fumigation system at High Keenley 
Fell in 2008. Stomatal conductance measurements were also taken for Briza media in a 
long term grassland mesocosm experiment at Close House site.  Stomatal conductance 
was found to be significantly lower in 50 compared to 30 ppb O3 (Wedlich, 2009).  
3.1.4 (c): Chlorophyll fluorescence and  responses to O3 
 
 
Reiling & Davison (1994) in an eight weeks O3  exposure experiment with Plantago 
major found Fv/Fm ratio significantly decreased by O3  only in the first two weeks of  
the experiment after which there was no significant O3  effect on Fv/Fm. Nussbaum et al. 
(2001) assessed the O3 sensitivity of seven herbaceous  species through two different 
chlorophyll fluorescence techniques  and  found  Fv/Fm  ratio  to  decrease  significantly  
in  some  species. Scebba et al. (2003) measured chlorophyll fluorescence of two 
Trifolium species in response to O3 fumigation. They found a significant decline of 4% 
in Fv/Fm ratio of T. pratense in O3 treatments compared to controls, whilst in T. repens, 
no significant decline in response to O3 was observed. In another experiment, Scebba et 
al. (2006) reported a decrease in Fv/Fm following O3 exposure in monocultures and 
mixtures of Poa pratensis with Achilla millefolium and Veronica chamaedrys. A similar 
decrease was also found in monocultures and mixed cultures of A. millefolium with P. 
pratensis and mixed cultures of V. chamaedrys, while monocultures of V. chamaedrys 
showed no significant O3 effects on Fv/Fm.  
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3.1.5: Aims and objectives 
 
The present investigation was carried out with following aims and objectives: 
 
 
1. To investigate the combined effects of O3  and differing levels of N availability on 
the physiological processes of calcifugous grassland species that are generally 
adapted to low soil nutrient availability.  
2. To compare the physiological responses to combined O3 and N, of species grown 
as monoculture and mixed community, to investigate the impacts of interspecific 
competition on species responses to O3. 
3.1.6: Hypotheses  
 
The following hypotheses were made:  
 
 
1. High N availability will lead to higher rates of photosynthesis accompanied 
with higher stomatal conductances leading to higher O3 uptake through stomata, 
with greater negative effects of O3 on plant physiology.  
2. In a mixed community, species may be competing with each other for resources 
so there will be differences in responses to O3 and N of species grown as 
monocultures and as mixed community. 
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3.2: Methods 
3.2.1: Plant species 
 
Out of six species planted as single and mixed species, four plant species were used in 
this study namely Trifolium repens, Agrostis capillaris, Rumex acetosella and Plantago 
lanceolata. These species are representative of calcifugous grassland communities i.e. U1 
Festuca ovina-Agrostis capillaris-Rumex acetosella grassland (Rodwell, 1998). These 
communities are usually growing in nutrient poor soils.  
 
Seeds were obtained from commercial suppliers (Herbiseed, Mire lane, Twyford, UK) 
and were germinated in seed trays in a greenhouse with Longacres multi purpose 
compost. The temperature in the greenhouse  ranged from 18-21˚C. When seedlings had 
made sufficient root and shoot material, they were transplanted  into pots. There were 
two types of pots: mixed species pots (diameter = 40 cm) and single species pots  
(diameter = 23cm). Mixed species pots had six species: Trifolium repens, Agrostis 
capillaris, Rumex  acetosella Festuca ovina, Lotus corniculatus and Plantago lanceolata. 
A total of 18 plants were planted on the basis of equal biomass ratio (6 plants of A. 
capillaris, 3 each of F. ovina and L. corniculatus and 2 each of R. acetosella, T. repens 
and P. lanceolata).  Single species pots had monocultures of T. repens (4 plants), A. 
capillaris  (5  plants)  and  R. acetosella  (3  plants).  The  current  study  focussed  on  the 
physiological responses of four species: A. capillaris (both in monocultures and in 
mixed species  pots), Trifolium repens (both in monocultures  and  in  mixed  species  
pots),  R. acetosella (both in monocultures and in mixed species pots), and Plantago 
lanceolata (there were no momnocultures of P. lanceolata, so only in mixed species pots). 
In the rest of the chapter, monocultures are referred to as single species and species 
mixtures as mixed species.  
3.2.2: Soil 
 
All pots were filled with a mix of vermiculite, perlite, sand and local soil in equal amounts. 
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3.2.3: Watering 
 
All plants received ambient rainfall and in addition to this plants were watered as per need 
with a hose pipe having a sprinkler at the end. 
3.2.4: Nitrogen treatments 
 
Hoagland’s solution with no added N (see Appendix I for composition) was used as a 
source of nutrients for all pots. In addition to Hoagland’s solution, half of the pots received 
N in the form of NH4NO3 with the target concentration of 50 kg ha
-1
 over the 7 weeks i.e. 
5/7 = 0.714 g N /m
2
/week. Details of weekly N application per pot are given in Appendix 
III.  
3.2.5: Experimental set-up 
 
The experimental design was 4 x 2 factorial with four O3 treatments and two N 
treatments. Filtered air was used as control with three target concentrations of O3 (40 
ppb, 70 ppb and 100 ppb). The experiment was carried out in eight open top chambers at 
Imperial College London at Silwood Park, Ascot. Each chamber had two replicates for 
each air treatment. There were four big mixed species pots (two for low nitrogen 
treatments and two for high nitrogen treatments) and twelve small single species pots  
(four for each species, with two for low nitrogen and two for high nitrogen treatments) 
per chamber. In total there were 32 mixed species pots and 96 single species pots. Pots 
were arranged randomly in a circle inside the chambers  and  in  order  to  avoid  
chamber  effects,  pots  were  moved  between  replicate chambers each week. All 
chambers received filtered air and additional O3 in O3 fumigated chambers.  
3.2.6: Ozone fumigation  
 
Ozone   was produced by a (Corona Discharge) O3 Generator, (Model No. 5565, Clear 
Water Tech. LLC, California). The O3 generator received pure oxygen from an air 
preparation system. A set of fine needle, variable valves connected to individual air 
streams entering into each chamber, was used to control O3 concentrations in chambers. 
Filtered air was produced by passing air through an activated carbon filter Sonoxcarb 
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(Emcel filters Ltd. West Sussex UK) with air flow rate of 2100 m
3
/h. A computer based 
system was used to deliver O3 to 6 chambers between 9.00 a.m. and 18.00 p.m. daily, with 
target  concentrations  40 ppb,  70 ppb  and 100 ppb for a set of two chambers per level. 
A pico ADC-16 Data logger was used with PC and Pico Log for windows to get O3 data 
into Excel. Ozone  monitor (Model 202, 2-B Technologies),  connected   to   the  PTFE  
sample  lines,  was  used  to  monitor  the  O3 concentrations in the chambers on hourly 
basis.  
 
Potted plants were placed into chambers on 14
th 
July 2008 a week before O3 fumigation 
and were kept in filtered air, to acclimitise to the chamber environment. Ozone 
fumigation was carried out for seven weeks, for 9 h daily (From 9:00 a.m. to 18:00 p.m) 
for five days in a week, AOT 40 ranged from 0- 15248  ppb.h. 
3.2.7: Physiological measurements 
 
Stomatal conductance and photosynthesis rate were measured with an infra red gas 
analyser CIRAS-1, PP Systems. The photochemical efficiency of photosystem II was 
measured by using plant efficiency analyser, Hansatech UK. The details of both are given 
in chapter 2.  
 
Measurements for one particular species were all taken within the same day. Equal 
aged leaves were used for measurements. Measurements were made at the same canopy 
height at light saturating level of 1000 µmol m
-2
 s
-1
 for each individual species in the 
different treatments. Four replicates for each nitrogen and air treatment were used and 
measurements were taken between 9:00 a.m to 17:30 p.m. Measurements were taken 
weekly. At least one species was measured per day both in mixed species pots as well as 
in single species pots.  
3.2.8: Statistical analysis 
 
Each time interval, data were analysed using analysis of covariance in the R 2.9.1 
statistical package (Crawley, 2007).  The significant differences between single and mixed 
species responses were also analysed through ANCOVA considering species (mixed 
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and single), AOT40 and N (high N and low N) as explanatory variables. Time series data 
are temporally pseudoreplicated, so analysis was carried out with linear mixed effect 
models (LMER) in R, where two independent random effects terms (one for the intercept 
and one for days) were used, with pot as the random grouping factor. The explanatory 
variables were fitted as fixed effects (Crawley, 2007). LMER does not return p values 
so t h e  Markov chain Monte Carlo method was used for estimating p values (Gilks, 
2005).  
 
Data  were  checked  for  normal  distribution  either  by  plotting  frequency  
distribution histograms or by  the Shappiro test in R and wherever needed appropriate 
transformations were  carried  out.  When  data  could  not  be  normalised  with  
transformations,  GLM  with poisson  or quassipoisson  errors  was  used for  analysis. 
The explanatory variables were AOT40 of the assessment day, and N level (Low N or 
High N) for single day analysis, and for time series analysis, day of experiment was also 
used. Model simplifications were carried out to determine the minimum adequate model 
(Crawley, 2007).  
3.3: Results 
3.3.1: Stomatal conductance 
 
Table 3.2 shows the statistical significance (assessed through mixed effects modelling) 
for the effects of AOT40, N and time on the stomatal conductance of single and mixed 
species of A. capillaris, R. acetosella and T. repens. Rumex acetosella and T. repens 
showed significant decreases in response to high O3 exposure. High N effected stomatal 
conductance of all species by showing greater stomatal conductances compared to low N 
treatments. Only in T. repens single species, high N treatments revealed greater O3 induced 
decreases in stomatal conductance compared to low N treatments. Figures 3.1-3.3 show the 
data. Table 3.3 shows the statistical  significance  for  the  effect  of  each  variable  
analysed  on  each  separate  day of measurement.  
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Table: 3.2:  p values estimated using Markov chain Monte Carlo method for the 
effects different variables on stomatal conductance (ns= non 
significant >0.05 and - = non-significant term removed from the model).  
 
 A. capillaris R. acetosella T. repens 
Variable 
Single 
Species 
Mixed 
species 
Single 
species 
Mixed 
species 
Single 
species 
Mixed 
species 
AOT40 ns ns <0.001 <0.001 <0.001 <0.001 
N 0.003 0.05 <0.001 0.04 <0.001 <0.001 
Time 0.01 ns ns <0.001 <0.001 0.01 
AOT40:N ns ns ns - 0.006 ns 
AOT40:Time 0.03 ns 0.005 - - 0.03 
N: Time ns ns ns - - - 
AOT40:N:Time - - - - - - 
 
 
 
 
 
Figure 3.1:  Stomatal conductance (Gs) of Agrostis capillaris (A) single species, (B) mixed species, 
measured at five different occasions during the experiment plotted against respective 
AOT40 values. LN= low N, HN= high N. Trend lines indicate linear regression. 
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Figure 3.2:  Stomatal conductance (Gs) of Rumex acetosella (A) single species, (B) mixed species, 
measured at five different occasions during the experiment, plotted against respective 
AOT40 values. LN= low N and HN= high N. Trend lines indicate linear regression. 
 
 
Figure 3.3:  Stomatal conductance (Gs) for Trifolium repens (A) single species, (B) mixed species, 
measured at five different occasions during the experiment, plotted against respective 
AOT40 values. (LN= Low N and HN= High N). Trend lines indicate linear regression. 
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Table: 3.3:  p values estimated through ANCOVA for the effect of each variable on 
stomatal conductance, analysed for each single day of measurement (- = 
non significant term removed from the model).  
 
 Single species Mixed species 
Species Date AOT40 N AOT40:N AOT40 N AOT40:N 
T. repens 04.08.2008 0.05 0.04 - 0.05 0.01 - 
A. capillaries 06.08.2008 0.005 0.01 - ns 0.01 - 
R. acetosella 06.08.2008 0.003 0.04 - ns 0.05 - 
T. repens 11.08.2008 ns ns - <0.001 ns - 
A. capillaries 11.08.2008 ns ns - ns ns - 
R. acetosella 11.08.2008 <0.001 ns - ns ns - 
T. repens 14.08.2008 0.009 0.007 - ns ns - 
A. capillaries 15.08.2008 0.005 ns - 0.03 0.02 ns 
R. acetosella 15.08.2008 <0.001 <0.001 - <0.001 0.006 - 
T. repens 26.08.2008 0.002 - - 0.02 0.002 - 
A. capillaries 27.08.2008 <0.001 <0.001 0.04 0.05 0.02 - 
R. acetosella 27.08.2008 ns <0.001 - <0.001 0.002 ns 
R. acetosella 03.09.2008 0.002 0.003 - <0.001 ns - 
T. repens 04.09.2008 ns - - ns ns - 
A. capillaris 06.09.2008 <0.001 0.05 - <0.001 0.04 - 
 
 
Stomatal conductance analysed for P. lanceolata grown in a mixed species conditions for the 
period of whole experiment where stomatal conductance was measured at four different time 
intervals show  significant  AOT40  (p=0.03),  N (p=0.006) and time (p=0.02) effects but non 
significant interactions. Figure 3.4 show the data. When each date of measurement was 
analysed separately, AOT40 significantly reduced stomatal conductance on 2
nd 
Sept (p=0.04) 
and on the same date significant N effects were found (p=<0.001) where high N treated 
plants showed greater stomatal conductance values compared to low N treated plants. 
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Figure 3.4:  Stomatal conductance (Gs) for Plantago lanceolata, measured at four different occasions 
during the experiment, plotted against respective AOT40 values. (LN= Low N and HN= 
High N). Trend lines indicate linear regression. 
 
3.3.2: Photosynthesis rate 
 
Table 3.4 shows the statistical significance (assessed through mixed effects modelling) 
for the effects of AOT40, N and time on the photosynthesis rate of single and mixed 
species of A. capillaris, R. acetosella and T. repens. Figures 3.5 - 3.7 show the data. Table 
3.5 summarises the statistical significance for effect of each variable analysed on each 
separate day of measurement.  
 
Table 3.4:  p values estimated using Markov chain Monte Carlo method for the 
effects of different variables on the photosynthesis rate. (ns= non 
significant, - = non significant term removed from model)  
 
 A. capillaris R .acetosella T. repens 
Variable 
Single 
species 
Mixed 
species 
Single 
species 
Mixed 
species 
Single 
species 
Mixed 
species 
AOT40 0.02 0.005 0.005 <0.001 <0.001 ns 
Nitrogen 0.03 0.04 <0.001 0.008 <0.001 0.02 
Time 0.006 <0.001 0.001 ns <0.001 ns 
AOT40:Nitrogen ns ns - 0.02 0.008 0.02 
AOT40:Time 0.03 0.03 - 0.05 <0.001 - 
Nitrogen:Time - - - - - - 
AOT40: Nitrogen: 
Time 
- - - - - - 
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Figure 3.5:  Photosynthesis rate (A) for Agrostis capillaris, measured at five different occasions during 
the experiment, plotted against respective AOT40 values (A) single species, (B) mixed 
species (LN= Low N and HN= High N). Trend lines indicate linear regression. 
 
Figure 3.6:  Photosynthesis rate (A)  for Rumex acetosella (A) single species, (B) mixed species, 
measured at five different occasions during the experiment, plotted against respective AOT40 values (LN= 
Low N and HN= High N).Trend lines indicate linear regression.
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Figure 3.7:  Photosynthesis rate (A) of Trifolium repens (A) single species, (B) mixed species, measured at 
five different occasions during the experiment, plotted against respective AOT40 values (LN= 
Low N and HN= High N). Trend lines indicate linear regression. 
 
Table: 3.5:  p values estimated through ANCOVA for the effect of each variable on 
photosynthesis rate, analysed for each single day of measurement (- = non 
significant term removed from the model).  
 
  Single species Mixed species 
Species Date AOT40 N AOT40:N AOT40 N AOT40:N 
T. repens 04.08.2008 <0.001 ns - ns ns - 
A. capillaris 06.08.2008 0.04 <0.001 0.005 <0.001 <0.001 - 
R. acetosella 06.08.2008 ns <0.001 - <0.001 0.002 0.02 
T. repens 11.08.2008 <0.001 ns - ns - - 
A. capillaris 11.08.2008 <0.001 0.04 - ns - - 
R. acetosella 11.08.2008 ns 0.02 - 0.01 ns - 
T. repens 14.08.2008 <0.001 0.001 0.005 ns - - 
A. capillaris 15.08.2008 ns <0.001 - <0.001 <0.001 - 
R. acetosella 15.08.2008 <0.001 0.02 - <0.001 ns - 
T. repens 26.08.2008 <0.001 0.001 0.0006 ns - - 
A. capillaris 27.08.2008 ns 0.01 - 0.003 0.001 - 
R. acetosella 27.08.2008 ns 0.02 - <0.001 0.005 0.01 
R. acetosella 03.09.2008 0.05 ns - <0.001 0.02 ns 
T. repens 04.09.2008 0.002 ns - 0.001 - - 
A. capillaris 06.09.2008 0.002 0.01 - <0.001 0.01 - 
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Photosynthesis rate analysed for P. lanceolata grown in a mixed species conditions for the 
period of whole experiment where stomatal conductance was measured at four different 
time intervals show  significant AOT40 (p=0.01), N (p=0.02) and time (p=<0.001) 
effects, but no significant interactions for the photosynthesis rate of P. lanceolata. Figure 
3.8 shows the data. When each date of measurement was analysed separately, significant 
AOT40 and N effects were seen on 7
th 
Aug (AOT40:  p=0.001, N:   p=0.03), 19
th   
Aug  
(AOT40: p=0.001, N: p=0.0006) and 6th Sept (AOT40: p=0.004, N: p=0.0003). 
Significant AOT40 x N effects were found only on 19th Aug (p=0.007). AOT40 
significantly reduced photosynthesis and significant N effects present high N treated plants 
to show greater photosynthesis rate compared to low N treated plants.  
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Figure 3.8:  Photosynthesis rate (A) of Plantago lanceolata, measured at four different occasions during 
the experiment, plotted against respective AOT40 values (LN= Low N and HN= High N). 
Trend lines indicate linear regression. 
 
 
3.3.3: Chlorophyll fluorescence  
 
Statistical significance for the effects of AOT40, N and time on the Fv/Fm of single and 
mixed species of A. capillaris, T. repens and R. acetosella are presented in Table 3.6. 
Figures 3.9-3.11 show the data. Ozone exposure (AOT40) significantly decreased the 
chlorophyll fluorescence of all species in single and mixed communities. Significant N 
effects were found only in mixed species A. capillaris, where high N treatments showed 
greater chlorophyll fluorescence values compared to low N treatments. No significant 
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AOT40 x N interactions were found. Figure 3.12 shows the Fv/Fm measurements taken for  
P.  lanceolata  on  two  different occasions. Analysis of covariance carried out considering 
AOT40, N and time as explanatory factors  shows  Fv/Fm  to  decrease  significantly  (p=  
0.001)  with  increasing  O3    exposure (AOT40). No significant effects of N were found. 
Significant effects of time (p= <0.001) were found showing different responses at 
different dates of measurements. AOT40 x Time interactions  were  significant  (p=  
0.004)  indicating  a  decrease  in  Fv/Fm  with  increasing AOT40 with passage of time.  
 
Table 3.6:  p values estimated through ANCOVA for the effects of AOT40, N and 
time on fluorescence of single and mixed species A. capillaris, T. repens 
and R. acetosella. (  = non significant term removed from the model).  
 
 A. capillaris T. repens R. acetosella 
 
 
Variable 
single 
species 
mixed 
species 
single 
species 
mixed 
species 
single 
species 
mixed 
species 
AOT40 0.01 0.05 0.001 0.01 0.001 0.01 
N ns 0.001 ns ns ns ns 
Time 0.001 0.001 0.001 0.001 0.01 0.001 
AOT40:N    ns  ns 
AOT40:Time    0.01  0.01 
N:Time       
 
 
Figure 3.9:  Fv/Fm of Agrostis capillaris (A) single species, (B) mixed species, measured at three 
different occasions during experiment, plotted against respective AOT40 (LN= Low N and 
HN= High N) Trend lines indicate linear regression. 
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Figure 3.10:  Fv/Fm of Rumex acetosella (A) single species, (B) mixed species, measured at three 
different occasions during experiment, plotted against respective AOT40(LN= Low N and 
HN= High N). Trend lines indicate linear regression. 
 
 
 
Figure 3.11:  Fv/Fm of Trifolium repens (A) single species, (B) mixed species,   measured at three 
different occasions during experiment, plotted against respective AOT40 (LN= Low N and 
HN= High N). Trend lines indicate linear regression. 
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Figure 3.12:  Fv/Fm of Plantago lanceolata, measured at two different occassions during experiment, 
plotted against respective AOT40 (LN= Low N and HN= High N). Trend lines indicate linear 
regression. 
 
When each time period was analysed separately for P. lanceolata, significant AOT40 
effects were found only on the first date of measurement i.e. 21
st 
Aug, where a decrease in 
Fv/Fm can be seen in O3 treatments compared to Filtered air (FA) controls. Effects of N 
were non significant. 
3.3.4: Single species versus mixed species  
 
Generally a similar trend in responses was found between single and mixed species. In both, 
decreases in stomatal conductance, photosynthesis and Fv/Fm were observed. Differences 
between single and mixed species pot in the magnitude of response to ozone are summarised 
below (Table: 3.7).  
 
Table 3.7:  p values estimated through ANCOVA for differences between single and 
mixed species in each of the response studied. Gs= stomatal 
conductance, A= photosynthesis rate and Fv/Fm= chlorophyll 
fluorescence (- = non significant term removed from the model).  
 
Variable A. capillaris R. acetosella T. repens 
 Gs A Fv/Fm Gs A Fv/Fm Gs A Fv/Fm 
Competition ns ns <0.001 <0.001 ns ns <0.001 0.03 ns 
AOT40 0.03 <0.001 ns <0.001 <0.001 <0.001 <0.001 ns 0.03 
N <0.001 <0.001 <0.001 <0.001 0.005 ns <0.001 0.001 ns 
Competition:AOT40 ns - ns - ns ns 0.04 <0.001 - 
Competition:N - - <0.001 - 0.03 ns ns 0.001 - 
AOT40:N - - - - 0.03 0.02 0.02 0.002 - 
Competition:AOT40:N - - - - - - - 0.001 - 
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3.4: Discussion 
 
In grassland species, studies have shown that responses to O3 may differ if a species is 
grown in a mixed species community, rather than in monoculture because of different 
competitive abilities for different species and effects of canopy structure. Most of these 
studies (Table 3.1) have considered responses other than photosynthesis rate, stomatal 
conductance and chlorophyll fluorescence. It has also been shown in different studies e.g. 
Whitfield et al. (1998), Sanz et al. (2005; 2007) that N modifies the responses of 
grassland species to O3. The present study is the first to evaluate combined O3   and N 
effects to physiological responses of species from acid grasslands, in both monocultures 
and mixed species mesocosms. Table 3.8 provides a summary of responses as percentage 
difference from respective filtered air controls. Plantago lanceolata  was present only 
in mixed species pots so responses of P. lanceolata to combined O3 x N effects are 
discussed at the end.  
 
Table 3.8:   Summary of responses as percentage difference of mean O3 treatments from 
respective filtered air controls (Gs=stomatal conductance, A=photosynthesis 
rate, Fv/Fm = chlorophyll fluorescence) LN = Low N, HN = High N. Minus 
sign indicates a decrease and plus sign indicates an increase. 
 
 
Parameter 
A. capillaris R. acetosella T. repens P. 
lanceolata 
Single Mixed Single Mixed Single Mixed Mixed 
LN HN LN HN LN HN LN HN LN HN LN HN LN HN 
Gs -32 -39 -29 -26 -17 -26 -23 -30 -29 -43*** -35 -37 -32 -22 
A -28 -26 -28 -26 -23 -28 -23 -35* -18 -29*** -19 -30* -25 -36 
Fv/Fm -1.8 -2.7 -0.7 -0.9 -3 -4 -0.3 -7 -2 -2 -2 -2 -2 -4 
 
significance codes (p) = * = 0.05, ** = 0.01, *** = <0.001 
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3.4.1: Stomatal conductance  
 
Significant decreases in stomatal conductance as a response to O3   were observed in 
both single and mixed species of R. acetosella and T. repens. In O3  dose response 
studies with R. acetosella it is mainly biomass  responses to O3   that have been 
reported and no published study could be found for O3  effects on stomatal 
conductance of this species. R. acetosa has however, been studied by Wedlich (2009), 
who reported no significant O3 effects on stomatal conductance of this species. The 
stomatal conductance responses of T. repens to O3, however confirm the previous 
investigations for example, Crous et al. (2006) and Francini et al. (2007), who have 
also reported decreases in stomatal conductance in response to O3 in T. repens. The 
significant O3  effects on  stomatal  conductance  of two forbs i.e. T. repens and  R. 
acetosella (Table 3.2) and  non significant effects on A. capillaries found in the present 
study provide support to the generally held view that forbs are more sensitive to O3  
than grasses (Timonen et al., 2004).  
 
Results show N to have significant effects on stomatal conductance of all species. 
High N treated plants generally showed a trend of greater stomatal conductance 
values compared to low N treated plants. At higher AOT40 however, a reverse in 
trend could be seen in some species. Significant N effects found in this study are in 
contrast to Alonso et al. (2007) who did not find any effect of N enrichment on the 
stomatal conductance of three O3 exposed Trifolium species, but the N dose (15-22 Kg 
ha
-1 
year
-1
) used was lower than that used in the present study and also experimental 
conditions differed between the two experiments.  
 
The trends found in stomatal conductances between single and mixed species were 
similar. Generally a decrease in response to O3 was found in both single and mixed 
species (Table 3.9). Significant differences found in some species in some parameters 
between single and mixed species (Table 3.8) show a difference in the magnitude of 
a particular response. The differences in responses to O3  between single species and 
mixed species found in the present experiment differ from those reported by Hayes et 
al. (2009) who, while studying the effects of O3 on  monocultures and mesocosms of 
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T. repens with Lolium perenne, found significant decreases in total biomass of T. 
repens in response to O3  in both monocultures and mixed species  and  there  was  no  
significant  interaction  between  O3    and  no  overall  effects  of monocultures versus 
mixed communities.  
3.4.2: Photosynthesis rate 
 
Significant decreases in photosynthesis rate as a response to O3 were observed in both 
single and mixed species A. capillaris and R. acetosella (Table 3.4) and no 
significant difference was found on single and mixed species pot comparisons of 
both species (Table 3.8). This similar response to O3   of species  grown  in 
monocultures and  as  mixed species support observations by Tonneijck et al. 
(2004), who reported that  biomass of species from wet grasslands was not altered 
by interspecific competition. In T. repens, however, responses differed between single 
and mixed species. In mixed species greater O3 induced decreases compared to single 
species were noted in (Table 3.9). The greater decreases in photosynthesis rate of mixed 
species T. repens are different from those reported by Hayes et al.  (2009), who found 
decreased photosynthetic capacity as a response to O3 in T. repens monocultures. They 
related the O3 induced reductions in carboxylation efficiency and capacity to a reduced 
CO2 sink potential of this species.  
 
Significant responses to N were found in all species, where high N treated plants 
showed a trend towards greater photosynthesis rate compared to low N treated plants. 
In mixed species R. acetosella and both single and mixed species T. repens at elevated 
O3    exposure, significantly greater O3 induced decreases in photosynthesis rates of low 
N compared to high N treated plants, were found (Table 3.4 and Table 3.9). Decreases 
in photosynthesis rate due to elevated O3 concentrations in T. repens, have been 
reported to be related to the corresponding decreases in biomass (Hayes et al., 2009).  
3.4.3: Chlorophyll fluorescence 
 
Chlorophyll fluorescence values decrease significantly with increasing O3 exposure 
(AOT40) in all species.  This  may  have  implications  for  photosynthesis  and  
ultimately productivity  of  these  species  as  a  change  in  chlorophyll  fluorescence  
(Fv/Fm)  signifies changes in photo-system II chemistry. A decrease in Fv/Fm 
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generally, is considered an early sign of perturbations in photosynthesis and associated 
metabolism (Butler, 1978). The O3  effects found on the chlorophyll fluorescence of 
studied species are in line with earlier literature for example,  Reiling & Davison 
(1992b), Nussbaum et al. (2001), Degl'Innocenti et al. (2003) and Scebba et al. (2003; 
2006), where a decrease in chlorophyll fluorescence as a response to O3  have been 
reported for a range of grassland species.  
 
Significant N effects were observed only in mixed species A. capillaris, (Table 3.8). 
These effects were observed as greater Fv/Fm values in high N treated plants compared 
to low N in mixed species pots indicating better photosynthetic performance of this 
species in high N and mixed community conditions. One explanation for this could be 
that A. capillaris being a grass might have succeeded in competition for resources 
with other forbs that are generally adapted to low N conditions. A greater 
dominance of grass at the expense of forbs has repeatedly been reported as an effect 
of N deposition in calcifugous grasslands (Carroll, 2003, Stevens et al. 2009, 2010).  
 
No significant difference in Fv/Fm responses to O3   between single and mixed species 
R. acetosella and T. repens were found in this study (Table 3.8), which is in line with 
findings by Scebba  et  al. (2006),  who  reported  no  difference in  Fv/Fm  responses  to  
O3   between monocultures and mixed cultures of Achillea millefolium.  
3.4.4: Responses in Plantago lanceolata 
  
In P. lanceolata,  significant  decreases  in  stomatal  conductance,  photosynthesis  rate  
and chlorophyll  fluorescence  were observed  with  increasing  AOT 40.  This is in contrast 
to Bungener et al. (1999a), who reported non significant decreases in stomatal conductance 
of P. lanceolata in response to O3. Jaggi et al. (2005) also reported an increase in carbon 
isotope signatures in P. lanceolata, indicating increased limitation to gas exchange in 
response to O3, but these studies were carried out with single species P. lanceolata. Reiling 
& Davison (1995) studied O3 effects (70 nl l
-1
 for 7 h d
-1
, over a period of 5 days) on 
stomatal conductance and photosynthesis in 28 populations (both O3 sensitive and resistant) 
of Plantago major L. They reported a decrease in stomatal conductance in all populations, 
espacially the sensitive ones in the first day but a decrease in effects on sensitive 
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populations over the nextfour days. They did not find any O3 effect on photosynthesis and 
argued that decreases in stomatal conductance may be because of the direct effects of O3 on 
guard cells causing closure of stomata. Results show high N treated plants to demonstrate a 
trend of significantly greater values of stomatal conductance and photosynthesis rate, 
compared to low N treated plants.  Tosserams et al. (2001) found similar effects of nutrient 
treatment on photosynthesis rate of P. lanceolata, where they reported high N treated plants 
to show stimulated photosynthesis rate compared to low N treated plants in response to 
enhanced UV-B radiation.  
3.5: Conclusion 
 
 
1. The present study illustrated similar trends of stomatal conductance, 
photosynthesis rate and chlorophyll fluorescence between single and mixed 
species.  Significant difference  in  responses  between  single  and  mixed  
species  were  found  for  some physiological parameters, revealing differences 
in the magnitude, but not direction, of response  between single and mixed 
species.  
 
2. With the exception of stomatal conductance response of single and mixed 
species A. capillaris and photosynthesis response of mixed species T. repens, 
significant O3 induced decreases were found in rest of species in all studied 
parameters.  
 
3. Significant O3 x N interactions were found for stomatal conductance of single 
species T. repens, photosynthesis rate of mixed species R. acetosella and 
single and mixed species T. repens, indicating greater O3 induced decreases in 
high N compared to low N plants.  
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Chapter 4: Response of mesotrophic grassland species (grown as mixed 
species communities in open top chambers with rain 
exclusion roofs) to ozone under differing levels of soil water 
availability 
4.1: Introduction 
Climate change has resulted in an increase in global surface temperature and a further rise 
of 1.8 to 4˚C is expected during the 21
st
 
century, IPCC (2007a). This increase in 
temperature is concomitant with projected greater variations of regional and local 
precipitation (Vera et al., 2006), which in turn can lead to more episodes of regional 
drought in summer (Bates et al., 2008). This ultimately will have direct effects on 
vegetation, agricultural production and the functioning of natural ecosystems.  Changes in 
temperature and precipitation may affect ecosystems, causing shifts in species 
composition which may result in changes in the world's vegetation zones. In the UK 
seasonal precipitation extremes models project 5-30% increases in winter, spring and 
autumn and no clear pattern for summer, however most areas show a decrease in 
rainfall (Fowler & Ekstrom, 2009). In the UK, the summer of 2003, characterised by a 
prolonged heat wave and episodic drought events through out Europe, led to the warmest 
summer on record, (Met Office, 2003) and in terms of climate impacts can be a useful 
insight into future summers (Beniston, 2004).  
4.1.1: Soil water deficit and responses of plants 
 
Soil water deficit is one of the stresses associated with drought and high temperature. In 
such conditions plants lose more water from shoots than is available to be replaced via 
uptake by roots, and wilting occurs. Several mechanisms in plants prevent excessive 
water loss and maximise uptake from soil at times when water availability in soil is 
sufficiently low for optimal plant growth and development. These mechanisms involve 
the maximization of water uptake by deep, dense root systems, minimization of water 
loss by stomatal closure and reduction of leaf area (Kramer & Boyer, 1995). Many 
studies e.g. Sánchez-Blanco et al. (2002), Álvarez et al. (2009), Cordeiro et al. (2009) 
and Erice et al. (2010) have  shown  growth  reductions,  the production  of smaller 
leaves,  reduction  in flower  quantity and  quality and  decreased  biomass  in  response  
to  drought.  Many plant species show a number of physiological responses to cope with 
high levels of soil water deficit, for example, stomatal closure, decreased photosynthetic 
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rate, (Davies et al.,  2002), activation of antioxidant systems, Pandey et al. (2010) and 
reduced root hydraulic conductivity (Dubrovsky et al., 1998).  Drought causes changes in 
osmotic regulation and water use efficiency, thus disturbing the balance in the water 
budget of whole plant (Zhu et al., 1997; Santos et al., 2009). Differences in responses to 
drought have been reported between species and cultivars e.g.  Zhao  et  al. (2010),  
Moaveni  et  al. (2010)  and  even  between  different  growth  stages (Mingeau et al., 
2001).  
4.1.2: Tropospheric ozone 
 
Tropospheric O3 a global air pollutant, has long been considered not good for the growth 
of plants besides drought. Wrzaczek et al. (2010), showed molecular level similarities 
between responses of plants to O3 and other biotic stresses. Harmful effects of 
tropospheric O3 on plants have been discussed in chapter 1. The highest concentrations of 
tropospheric O3 in the UK have been reported during hot and dry summers, during the 
growing season for many grassland species (AQEG, 2008). Meterological conditions that 
promote drought i.e. hot and dry weather, also favour the formation of tropospheric O3. 
Climate change is projected to lead to the regional or local rise in peak O3 concentrations 
in the coming years because of the predicted increases in temperature and reduced 
cloudiness, both of which are conducive to O3 formation (The Royal Society, 2008; 
RoTAP, 2011).  
4.1.3: Ozone x drought interactions 
 
The interaction between effects of both O3 and drought on plants in combination is an 
important issue. Knowledge about the effects of these in combination is critical for 
understanding the impacts of current and future pollution climates on plant communities 
and ecosystems. Prior investigations, mostly with tree species, have established that soil 
water availability can modify the responses of species towards O3  (Pearson & Mansfield, 
1993, 1994; Uta, 1999 ; Alonso et al., 2001; Panek et al., 2002; Le Thiec & Manninen, 
2003; Panek, 2004). For example, Pearson & Mansfield (1993), reported interactions 
between O3 and water availability on three year old beech trees. In well watered 
treatments stomatal conductance decreased in response to O3 causing less absorption of 
atmospheric CO2 while in drought treatments O3 increased stomatal conductance making 
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it difficult for trees to maintain their water economy in critical times. In the following 
year, Pearson & Mansfield (1994) reported that O3 and drought reduced growth when 
applied singulary but in combination caused no additional reductions, carryover effects, 
however, could be seen in the form of reduced number of internodes in the same beech 
trees. Matyssek et al. (2006) have discussed O3 and drought interactive effects on forest 
trees in their review article.  
 
Several studies for example, Fangmeier et al. (1994), Herbinger et al. (2002), Khan & 
Soja (2003), De la Torre & Sierra (2007) and Xu et al. (2007) have shown effects of soil 
water availability on the responses of wheat to O3.  These  studies have mostly indicated 
well watered plants to be more  sensitive  to  O3  and  have  highlighted  the  importance  
of  considering  soil  water conditions while assessing the yield losses associated with O3.  
 
In  semi -natural  vegetation,  some  studies  have  been  carried  out  with  grassland  
species (Bungener et al., 1999 a, b; Nussbaum et al., 2000; Franzaring et al., 2000; Jaggi 
et al., 2005; Bermejo, Raul et al., 2006; Mills et al., 2009). The responses observed 
were species-specific. Most of these, however, show that drought did not protect against 
the harmful effects of elevated O3 and related it to higher stomatal conductance in these 
species leading to greater O3 uptake. On the other hand, in species with lower stomatal 
conductance as a response to drought, O3 phytotoxicity was reduced.  
 
In conditions of drought, plants tend to close their stomata to limit loss of water from the 
leaf surface. This stomatal closure due to drought can protect plants against harmful 
effects of O3 as there will be less uptake of O3 by plants (Hong & Lee, 2001). Drought 
can also offer protection against O3 toxicity, which is related to the formation of active 
oxygen radicals. Drought itself (depending upon the plant species and intensity and 
duration of drought) causes activation of the antioxidant systems for stress compensation 
(Castillo, 1996) so if some O3 enters into plants then it can be detoxified by already 
active antioxidant systems. This is referred to as “hardening effects against O3 stress” by 
Kronfuß et al. (1998). This, however, may not always be the case as if oxidative stress 
induced by drought along with that imposed by O3 exposure exceeds plant's ability to cope 
with both stresses, it may affect the plant species adversely. It has been reported by Mills 
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et al. (2009) that high O3 concentrations caused loss of stomatal control in water stressed 
grassland species. Power & Ashmore (2002) have also related greater O3 induced 
decreases in the biomass of fen meadow species to greater stomatal conductance.  There 
are  inconsistencies  in  the  literature  regarding  O3 x drought interactions (Table 4.1), 
however, generally, it is agreed that individual plants grown in well watered conditions 
show more O3  effects than those grown under moderate drought stress (Franzaring et al., 
2000). This may be because in well watered conditions, there is an increased stomatal 
conductance so more flux of O3 into the plants. The critical levels for O3 effects on 
vegetation based on AOT40 were developed on the basis of O3 dose response 
experiments mostly with well watered plants so may overestimate the effects. The new 
flux based approach takes into account the actual O3 flux through stomata, but at present 
there are few data available for stomatal conductance of grassland species, especially when 
growing in a mixed community. 
Table 4.1:  Summary of experiments exploring O3 x drought interactions 
Reference 
Exposure 
method 
Water stress method       O3 treatment 
levels 
Interactive effects 
Plant material 
Pelloux et 
al.(2001) 
Phytotronic 
chambers 
WW = water to the field 
capacity and in D= water 
was decreased on regular 
basis. 
200±10 ppb Negative 
3 years old 
Aleppo pine 
Pääkkonen et 
al.(1998) 
Chambers and 
open field 
exposure 
Different rates of water 
supply. 
0 – 100 nll-1 
Positive in chamber 
experiment and 
negative in open field 
experiment. 
1 year old birch 
saplings from 
different clones 
Dixon et 
al .(1998) 
OTC with 40 cm 
venturi on tops. 
Separate chambers for 
drought with 70cm trench 
dug around to reduce 
incursion of water from 
soil . 
Ambient + 0.05µl 
l
-1
 
Combined O3 xdrought 
effects did not show 
foliar necrosis in 
droughted beech 
compared to WW, one 
clone of Norway spruce 
showed increased 
stomatal conductance in  
elevated O3 and 
drought. 
9 years old 
Norway spruce 
from 2 clones and 
beech. 
Le Thiec et al 
(1994) 
OTC with 
sloping roofs 
70 cm deep trenches 
around the droughted 
chambers. 
FA, NFA,AA,NFA 
+25ppb,NFA+ 50 
ppb 
No interactive effects 
for Norway spruce 
clones. In beech 
positive interactions. 
8 years old beech 
and two clones of 
Norway spruce of 
same age. 
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Table 4.1:  Continued 
 
Reference 
Exposure 
method 
Water stress method O3 treatment levels 
Interactive 
effects 
Plant material 
Pääkkonen et al. 
(1998) 
Field 
fumigation 
WW=watering to field capacity 
in and half to that in droughted 
plants. 
1.5x ambient Negative Birch saplings. 
Alonso et al. 
(2001) 
OTC 
  Witholding water supply for 
11 days 
NFA+40 nll
-1
 Negative 
2 years old 
seedlings of 
Aleppo pine. 
Mills et al.(2009) Solardomes 
Severe water  stress to leaves 
by excision 
21.4-102.5 ppb Negative 
Grassland 
mesocosms with 
two species 
Le Thiec & 
Manninen (2003) 
OTC 
No watering.for some days and 
then watering. 
FA,NF+50 nll
-1 and 
later ambient+50 nll
-1
 
Both Negtive and 
Positive 
2 years old 
seedlings of Pinus 
helpensis 
Vitale et al.(2008) 
Climatic 
chambers 
WW=watering to field capacity 
in, 20ml to each pot per week 
in drought treatments. 
0-250 ppb Positive 
3 years old 
Quercus ilex 
saplings 
Pollastrini et al. 
(2010) 
OTC 
WW=watering to field capacity 
and D = only when seemed 
wilted. 
FA+50%of ambient O3 
conc., NF+95%of 
ambient O3 conc. 
Varied 
between 
species, either 
positive or 
negative. 
2-3 years old 
seedlings of Fagus, 
Quercus and 
Populus. 
Inclan et al.(2005) OTC 
WW= watered whenever 
needed, D=received half of 
that. 
FA, NFA+40 nll
-1
 Negative 
2 years old Aleppo 
pine seedlings 
Fontaine et al. 
(2003) 
Phytotronic 
chambers 
WW=watering to field capacity 
drought stress was applied by 
slowly reducing watering. 
FA, FA+200 ppb Positive 
3 years old Aleppo 
pine seedlings 
Pearson & 
Mansfield (1994) 
Solardomes 
All plants watered and water 
supply to drought treatments 
was withheld for 10 days. 
FA, FA with episodic 
O3 regime of 30, 60, 80,   
100 or 120 ppb. 
Positive 
4 years old Fagus 
sylvatica seedlings 
Kronfub et al 
(1998) 
Growth 
chambers 
All plants watered and after 
some days water supply to D 
treatments was witheld. 
FA, 100 nll
-1
 Positive 
4 years old 
seedlings of 
Norway spruce 
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Table 4.1:   Continued 
Key: OTC= open top chambers, , WW = Well watered treatments, D = drought treatment, FA = Filtered air, NFA = Non filtered air, AA 
= Ambient air. Interactive effects negative= when combined effects were not beneficial for studied plants, Interactive effects positive= 
when interactive effects were beneficial for studied plants. 
 
There is also some evidence that O3 may exacerbate the drought effects (Pearson & 
Mansfield, 1993; McAinsh et al., 2002; Wilkinson & Davies, 2010). In some species, 
O3 causes a decrease  in stomatal conductance (Zouzoulas et al., 2009; Yan et al., 
2010; Liang et al., 2010) while in other species it increases stomatal conductance (van 
Hove & Bossen, 1994; Reiner, 1996; Mills et al., 2009; Broschè et al., 2010). In some 
other species it induces stomatal sluggishness (Paoletti, 2005; Paoletti & Grulke, 
Reference 
Exposure 
method 
Water stress method O3 treatment levels 
Interactive 
effects 
Plant material 
Xu et al. 
(2007) 
OTC 
WW= maintained at soil 
water content 80- 85%, D= 
maintained at SWC 35-40% 
0.125g/kg for 4 days Negative 
Wheat plants at 
ear emerging 
stage 
Fangmeier et 
al (1994) 
OTC 
WW=watered, D= watered to 
the level that wilting does not 
appear. 
NFA,FA,FA1& FA2 
i.e. FA+ proportional 
additions to the 
ambient O3  levels 
Positive Wheat seedlings 
Khan & Soja 
(2003) 
Fumigation 
chambers in 
green house 
60,45 and 35% of soil water 
capacity 
Lower than ambient 
as control and 80 nll
-1
 
Positive Wheat seedlings 
Franzaring et 
al.(2002) 
OTC 
WW= water above field 
capacity and D= vice versa. 
FA,NFA,NFA+2 5 
ppb, NFA+50 ppb 
Negative 
Two wild plant 
species of fen 
meadow 
Herbinger et 
al. (2002) 
OTC 
100 & 40% of soil water 
capacity 
Ambient, ambient+50 
ppb 
No 
interactive 
effects 
Wheat seedlings 
of two cultivars. 
Bungener et 
al (1999b) 
OTC 
D=received one third of well 
watered 
FA,FA+ambien t O3 
conc., FA+1.5x 
ambient,FA+2 x 
ambient 
Negative 
Semi natural 
grasslands 
species 
Nussbaum et 
al. (2000) 
OTC 
WW= watering to field 
capacity and reduced 
watering was one third of it. 
FA,FA+ ambient O3 
conc, FA+2 x ambient 
ozone conc. 
Positive 
Binary mixtures 
of grassland 
species 
Jaggi et al. 
(2005) 
Free air 
fumigation 
WW= 50 and 75%more of 
average of long term 
precipitation, reduced 
watered did not receive any 
additional amount. 
Ambient and 1.5 and 
1.8x of ambient for 
two years. 
In some 
species 
positive 
whilst in 
others 
negative. 
Semi natural 
grasslands 
species 
Heagle et 
al.(1989) 
OTC 
WW= soil metric potential of 
-0.4 MPa and D=soil metric 
potential of 
-1
.2 MPa 
FA,NFA,NFA+1.25,+
1.50,+1.75 and +2 of 
ambient O3 conc. 
No 
interactive 
effects 
Grass, clover 
mixture in field. 
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2010). Ozone pollution, therefore, can disturb the water relations in plant species by 
disturbing the control of stomatal conductance. This disturbance of stomatal regulation 
by O3 during periods of drought can reduce plant water use efficiency and will have 
impacts on photosynthesis since stomatal closure will also result in reduced uptake of 
carbon dioxide. Sitch et al. (2007) estimated the impact of projected  changes in O3 
levels on the global  land  carbon  sink  and  found  a significant  suppression, because 
of O3 induced  reduction  in  plant  productivity. This contributes to more carbon 
dioxide accumulation in the atmosphere, leading to more global warming.  
 
In some studies, drought has been applied following O3 exposure for example Xu, et 
al. (2007) while other studies have addressed both O3 and drought simultaneously 
(Reiner, 1996; Khan & Soja, 2003; Bou Jaoudé et al., 2008; Mills et al., 2009; 
Pollastrini et al., 2010). Most studies exploring O3  x drought interactions have also 
focussed on  single species (Karlsson et al., 1995; Paakkonen et al., 1998; Bermejo, 
Raul et al., 2006), two species mixtures (Le Thiec et al., 1994;  Nussbaum et al., 
2000; Franzaring et al., 2002), or three species mixtures (Pollastrini et al., 2010). To 
my knowledge, there is no literature reporting experiments with complex 
communities (species mixtures with more than four species) exploring O3 x drought 
interactions. In a complex community, there may be a different situation as the 
responses may not always be the direct result of O3 or drought effects on individual 
species but the consequence of shifts in interspecific competitive interactions. In such 
communities, individual species differ in their responses towards O3 as well as drought 
and these differences in sensitivities may lead to changes in species composition and 
biodiversity, affecting ecosystems structure and function.  
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4.1.4: Aims and objectives 
 
In the light of the above mentioned issues the present study was conducted with the 
following aims:  
 To investigate if drought alters the responses of species towards O3 in semi-
natural grasslands.  
 To evaluate if responses are consistent across species and functional groups 
in a grassland community.  
 To examine any changes in community composition in response to combined 
O3 x drought effects.  
4.1.5: Hypotheses  
 
 There will be interspecific differences in responses to both O3 and drought. 
 Drought will protect plants against adverse O3 effects by restricting O3 uptake 
through stomata.  
 There will be shifts in species composition at the end of the O3 exposure, 
reflecting differences in functional group sensitivity to O3 and drought.  
 
4.2: Methods 
4.2.1: Plant material 
 
The experiment was conducted with the mesotrophic grassland species (MG5: under 
National Vegetation Classification), (Rodwell, 1998), commonly found at Silwood 
Park. Two grasses (Agrostis cappilaris, and Holcus lanatus), two legumes (Lotus 
corniculatus, and Trifolium repens) and three forbs (Plantago lanceolata, Crepis 
biennis and Hypochaeris radicata) were selected to represent the community. 
 
Seeds were obtained from commercial seeds providers (Herbiseeds, Mireland, Twyford, 
UK). Seeds were sown in seed trays with Longacres young seedlings compost. They 
were kept in a greenhouse and were watered daily. After one week of sowing, seedlings 
started emerging. Mesocosms were set up in pots 42 L (48 cm diameter). Pots were 
filled with well mixed local soil from Silwood Park.  When  plants  had  made  
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sufficient  root  and  shoot  they  were transplanted into these pots. About 10 seedlings 
of each species were weighed. Species were then planted on the basis of equal initial 
biomass ratio. Seedlings were planted randomly 2.5 cm  apart  from  the  edges  of  pot  
and  were  assigned  a  position  randomly  within  a  grid. Each pot had the following 
number of seedlings.  
 
Agrostis capillaris (10 individuals per pot), Holcus lanatus (5 individuals per pot) 
Trifolium repens (4 individuals per pot), Lotus corniculatus (3 individuals per pot) 
Plantago lanceolata (2 individuals per pot), Crepis biennis (2 individuals per pot) 
Hypochaeris radicata (2 individuals per pot).  
 
The same pattern was repeated in all pots and 50 mesocosms were prepared, out of 
these 32 were selected randomly to go into the open top chambers. Each chamber had 
two mesocosms, one labelled as W (well watered) and the other one as D (drought). 
They were left in chambers for one week (11
th
 May - 17
th
 May 2009) with FA (filtered 
air) to acclimitise to the chamber environment and after that O3 fumigation started.  
 
4.2.2: Fumigation set up and O3 exposure 
 
Ozone fumigation started on 18
th 
May 2009 and ended on 7
th 
September 2009. 
Fumigation was carried  out  in  the  open  top  chambers  facility  at  Silwood  Park.  
Sixteen chambers with rain exclusion roofs were used. Four chambers received filtered air 
(FA) which served as control, four were set at the target concentration of 30 ppb (low 
O3), four at 60 ppb (medium O3) and four chambers at 90 ppb (high O3). Details of O3 
fumigation have been described in chapter 3. The difference from the previous year was 
that fumigation was carried out continuously for 24 hours with target concentration of 30 
ppb and during day time from 9:00a.m until 18:00 p.m., this rose to 60 and 90 ppb O3 in 
the medium and high O3 chambers for five days (Monday to Friday) in a week. On the 
weekend all chambers were targeted for continuous 30 ppb of O3. In order to avoid for 
chamber effects, pots were rotated between replicate chambers each month. Ozone 
fumigation was also carried out in 2010 starting from 3
rd
 May 2010 and ending on 3
rd
 
September 2010. Data for this thesis was collected for percentage cover and mesocosms 
senescence from May until July 2010.  
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Accumulated O3 exposure above a threshold of 40 ppb (AOT40) was calculated for each 
pair of pots (i.e. per chamber), for both years (2009 & 2010) following the methods in ICP 
Modelling and Mapping Manual (2004).  
 
4.2.3: Watering regime 
 
The annual average rainfall calculated over the past 20 years for Silwood Park was chosen 
to represent the well watered treatment. A total of 138.1 L was given to the well 
watered pots for the period of the experiment. The drought treatment was set to 
represent rainfall levels experienced during 2003 (a relatively dry year) with summer rain 
fall 40% of the average of past 20 years. A total of 55 .2  L was given to the drought 
treated plants. Frequency of watering for well watered and droughted pots each week 
depended upon weather conditions for example in a week with hot sunny days well watered 
pots were watered four or five times in a week while droughted pots were watered two or 
three times so as to avoid wilting.  
4.2.4: Soil moisture measurements 
 
In order to ensure the difference between well watered and drought treated mesocosms, 
soil moisture content was measured twice weekly with a Theta probe (Delta T devices, 
UK). Theta probe with 3 mm diameter stainless steel rods was inserted into the pot at the 
depth of 60 mm. 
4.2.5: Visible injury assessment 
 
The assessment was carried out using the same method described in chapter 2. 
 
4.2.6: Chlorophyll content 
 
Chlorophyll  content  of  all studied  species  was  measured  on  day  79  and  106  of  
the experiment.  A sample of fresh undamaged leaf (1 cm
3
) was taken from each plant 
using a hole punch. These samples were placed in 5 ml aqueous acetone (80% acetone, 
20% distilled water) in glass test tubes and were stored in a 5˚C fridge. After 24 hours of 
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storage, samples were transferred into the cuvettes to go into the spectrophotometer (V1.7, 
WPA, Cambridge). Aqueous acetone was used as a blank and optical density 
measurements were taken at the wavelengths of 645 nm and 663 nm. The concentration 
of chlorophyll extract (in mg/cm
3
) was calculated from the following formula (Arnon, 
1949). 
 
C= (20.2 x (OD645)) + (8.02 x (OD663)) 
C= chlorophyll content, OD= optical density 
 
 
4.2.7: Physiological measurements 
 
Chlorophyll fluorescence measurements were taken focussing on the three main species 
A. capillaris, T. repens, P. lanceolata and these were measured at five different occasions. 
Other species were also measured on different occasions, depending upon suitable 
weather, time and equipment availability (Table 4.2). All measurements were carried out 
with PEA (Plant efficiency analyser) details of PEA and measurements are given in chapter 
2. 
 
Photosynthesis rate and stomatal conductance were measured on seven different 
occasions during the course of the experiment for three species Holcus lanatus (grass), 
Trifolium repens (legume forb), and Plantago lanceolata  (non legume forb). 
Measurements were taken with an infra red gas analyser, CIRAS-2 (PP systems, 
Hertfordshire, UK).  All measurements were taken under ambient conditions and 
attempts were made to take measurements on days with similar weather conditions. 
4.2.8: Above ground biomass measurements 
 
Mesocosms were harvested at the end of the O3 exposure. Plants were cut at the soil 
surface. Above ground biomass was sorted by species into senescent (more than 70% 
yellow leaves), dead (more than 70% brown or dead leaves) and green biomass (more 
than 70% green leaves). Below ground biomass was not harvested and pots were left for 
overwintering in ambient conditions, inside a rabbit protected cage. 
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Table 4.2: Timetable of measurements (DOE= Day since start of experiment, A= 
photosynthesis rate, Gs= stomatal conductance). The three main 
species are T. repens, H. lanatus and P. lanceolata.  
 
DOE Date Species Visible 
injury 
Chlorophyll 
Content 
Fv/Fm A  & 
Gs 
7 26/5/09 All species  x    
14,15 2-3/6/09 Three main species     x 
20 8/6/09 All species x    
27-29 15-17/6/09 All species except H. radicata.   x x 
 30 18/6/09 All species x    
34 22/6/09 C. biennis   x  
39 27/6/09 All species x    
43 1/7/09 Three main species    x 
49-51 7-9/7/ 09 All species except C. biennis.   x  
57 15/7/09 Three main species    x 
62,72 20&30/7/09 All species x    
73 31/7/09 Three main species    x 
76,78 3-5/8/09 All species except C. biennis 
& H. radicata 
  x  
79 6/8/09 All species  x   
83,86 10-14/8/09 Three main species    x 
87 14/8/09 All species x    
90-92 17-19/8/09 All species except C. biennis   x  
97,100 24&29/8/09 Three main species    x 
106 2/9/09 All species  x x  
 
 
4.2.9: Assessment of percentage cover 
 
The  percentage  cover  of  each  species  was  determined  in  each  mesocosm,  before  
the beginning of O3  exposure in 2010, in order to capture carry over effects of the previous 
year’s treatments on community composition.  A custom made round metallic frame with 
four legs and a grid- square system was used for this purpose. The frame had the same 
diameter as the pot, with 25 sub-divisions, each covering 1.9 cm
2 
of the surface area of the 
pot. In order to avoid edge effects, 7cm from edges of pot was not recorded.  A 31cm long 
metallic pin (5mm diameter) was lowered vertically in one of the 25 sub-divided squares, 
with great care. The bare ground or first species touched with the tip of the sampling pin 
was noted and the number of touches were  recorded as the pin passed through the 
canopy. Percentage cover by species within each mesocosm was measured by the 
following formula: 
% cover = No. of species hits / 25 x 100 
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4.2.10: Mesocosms senescence measurements 
 
Mesocosms that had been harvested in Sept. 2009 and were left out door in a rabbit 
protecting cage for overwintering, were used for senescence measurements. These 
measurements were carried out weekly from May-July 2010.  Visual estimates of whole 
pot senescence were performed, assigning each pot one of the following scale.  
1:  No senescence: less than 5% of pot with senescent leaves 
2:  Beginning of senescence: 5-25% of senescent leaves in pot. 
3:  Moderate senescence: 25%- 50% of senescent leaves in pot. 
4:  High senescence: 50- 90% of senescent leaves in pot. 
6:  Complete senescence: 90- 100% of the senescent leaves in pot. 
4.2.11: Statistical analysis 
 
Details of statistical analysis are given in chapter 3. The explanatory variables were 
AOT40 for the assessment day, and watering (W or D) for single day analysis. For time 
series analysis, day of experiment was also used.  
4.3: Results  
4.3.1: Soil moisture 
 
A significant difference (df= 30, t = -15.6, p = 0) was found in the soil moisture between 
the well watered and drought treatments.  Table 4.3 shows the mean soil moisture for 
both treatments for each month.  Figure  4.1  shows  the  soil  moisture  over  the  course  
of  the experiment. 
 
Table 4.3:  Mean soil moisture (%vol.) of each treatment for the period of the 
experiment. Numbers in brackets are ± S.E. (W=Well watered, D= Drought 
treatment) 
Watering May June July August Sept. 
W 14.7 (2.8) 14.9 (1.3) 15 (1.1) 13.8 (0.6) 15 (0.6) 
D 9.5 (0.2) 6.7 (0.9) 8.2 (0.8) 7.8 (0.7) 9.4 (0.4) 
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Figure: 4.1:  Mean soil moisture for well watered and droughted pots over the course of experiment (W= Well 
watered, D= Drought treatment). 
  
4.3.2: AOT40  
 
AOT40 ranged from 1.16 - 19.8 ppm.h (High O3= 90 ppb), 0.33 - 11.78 ppm.h (Medium O3 = 
60 ppb) and 0.07 - 1.23 ppm.h (Low O3= 30 ppb) for the whole period of experiment in year 
2009 (Figure 4.2 A).  
 
AOT40 ranged from 0.82 – 20.58 ppm.h (High O3= 90 ppb), 0.85 - 17.98 ppm.h (Medium O3 
= 60 ppb) and 0.82 - 15. 15 ppm.h (Low O3= 30 ppb) for the studied period of experiment 
(May- July) in year 2010 (Figure 4.2 B).  
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Figure 4.2:  AOT40 for pots over the course of experiment. A= May-Sep 2009, B= May- July 2010. 
 
 
 
4.3.3: Ozone specific injury 
 
Out of seven species only two i.e. T. repens and P. lanceolata showed visible O3 injury. 
Trifolium repens was found to be most sensitive in terms of visible injury. It showed injury 
scores ranging from 1-6 (i.e. up to more than 90% of leaves damaged or dead). By day 62 
of exposure i.e. on 20/07/2009, in high O3 (at an AOT40= 7.36 ppm.h), this species had died 
out completely in two pots. Recognisable O3 injury was found after one week of exposure on 
26/05/2009  (day=7  of  exposure)  in  medium  O3   at  an  AOT40=0.71  ppm.h  and  high  O3 
treatments at an AOT40=2.04 ppm.h. In low O3 treatment injury was observed in third week of 
exposure on 08/06/2009 (day=20 of exposure) at an AOT40= 0.29 ppm.h (Fig. 4.3).  
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Variable T. repens P. lanceolata 
AOT40 <0.001 ns 
Watering ns ns 
AOT40 x Watering ns ns 
Day <0.001 <0.001 
AOT40 x Day <0.05 <0.05 
 
 
Figure: 4.3:  Trifolium repens, mean ozone injury score at different dates of experiments for different O3 
treatments. Low O3= 30 ppb, Med O3= 60 ppb, High O3= 90 ppb. W= Well watered and D= 
Drought treatment. 
   
 
Injury appeared in the form of chlorotic stipples, followed by brownish necrotic lesions 
on the upper surface of leaf leading to bronzing of whole leaf. Significant effects of 
AOT40 were found showing differences in injury scores between three O3 treatments. Non 
significant effects of watering and AOT40 x watering interactions were observed (Table 
4.4). Although highly injured plants were dying and new growth showed low injury 
score compared to previous, O3   injury was generally seen to increase with the passage 
of time in both well watered and drought treated plants.  
Table: 4.4:  Results for visible O3  injury. p values estimated using Markov chain Monte 
Carlo method. 
 
 
 
 
 
 
 
 
 
In P. lanceolata injury appeared in the form of leaf yellowing followed by bronzing and 
finally shedding of dead leaves. Visible O3 injury was first seen in high O3 drought 
treated plants on 26/05/2009 i.e. day 7 of exposure at an AOT40=2.0446 ppm.h, later it was 
followed by well watered and drought treated plants in medium and low O3 treatments. 
(Figure 4.4) In low O3, well watered and drought treated plants, injury was observed on 
14/08/2009, day= 87 of exposure at an AOT40=1.3873 ppm.h.  
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Figure: 4.4:  Plantago lanceolata mean ozone injury score at different dates of experiments for 
different O3 treatments. Low O3= 30 ppb, Med O3= 60 ppb, High O3= 90 ppb. W= Well 
watered and D= Drought treatment. 
 
 
 
Significant effects of day and significant AOT40 x Day interactions were found (Table: 
4.4) showing increase in injury with passage of time. Non significant effects of watering 
were found.  
4.3.4: Chlorophyll content 
 
Chlorophyll content was recorded only once for C. biennis, as on the next assessment day 
it had senescenced in most pots, so it was not included in the statistical analysis. Only 
five out of six species showed significant O3 induced decreases in chlorophyll content. 
Greatest decreases in response to O3   were observed in A. capillaris. Although there 
were no main effects of O3 on the chlorophyll content of P. lanceolata, but AOT40 x 
watering interactions were significant, showing a greater O3  induced increase in 
chlorophyll content of drought treated plants compared to well watered plants. Table 4.5 
presents the statistical significance of observed responses. Figure 4.5 - 4.11 show the data. 
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Table: 4.5: p values estimated using Markov chain Monte Carlo method for 
chlorophyll content data analysed through mixed effect modelling for 
the period of whole experiment. 
 
Variable H. 
lanatus 
A. 
capillaris 
P. 
lanceolata 
H. radicata T. repens L. 
corniculatus 
AOT40 ns 0.01 ns <0.001 <0.001 0.05 
Watering ns 0.05 0.05 <0.001 <0.001 0.05 
Day ns <0.001 ns ns ns 0.04 
AOT40xWatering ns ns 0.04 ns ns ns 
Watering x Day ns ns 0.05 ns ns ns 
AOT40 x Day ns 0.05 ns ns ns ns 
AOT40xWateringx 
Day 
ns ns 0.04 ns ns ns 
 
 
Figure: 4.5:  Chlorophyll content measured for each species against respective AOT 40. (W= Well 
watered, D = Drought) A= H. lanatus, B= A. capillaris, C= P. lanceolata, D= H. radicata, 
E= T. repens, F= L. corniculatus. 
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4.3.5: Chlorophyll fluorescence  
 
Results (Figure 4.6) show significant decreases in chlorophyll fluorescence with 
increasing AOT40 in A.  capillaris, H. lanatus, T. repens and P. lanceolata. There are 
significantly greater Fv/Fm values in well watered compared to drought treated plants. 
Table 4.6 gives the results of statistical analysis. Different days presented significant 
differences in responses. Significant AOT40 x watering interactions in L. corniculatus 
revealed greater O3 induced decreases in well watered plants. H. radicata responses 
differed between well watered and drought treated plants on different measurement days. 
Significant AOT40 x Day interactions show a continuous decrease in fluorescence values 
as a response to O3, with passage of time, indicating a slow but non reversible damage to 
photosystem-II.  
 
 
Table: 4.6:  Results for chlorophyll fluorescence measured for all species for the 
whole period of experiment. P values estimated using Markov chain 
Monte Carlo method. (-)non significant term removed from model. 
 
 
Variable H. lanatus A. capillaris P. lanceolata H. radicata C. biennis T. repens L. corniculatus 
AOT40 <0.001 <0.001 <0.001 ns ns <0.001 ns 
Watering <0.001 <0.001 <0.001 ns ns <0.001 ns 
Day 0.04 <0.001 0.04 <0.001 ns <0.001 0.03 
AOT40xWatering - - - - ns - 0.005 
Watering xDay - - ns 0.0252 ns - - 
AOT40 x Day <0.001 0.001 <0.001 - ns <0.001 0.0524 
AOT40xWateringx 
Day 
- - - - ns - - 
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Figure 4.6: Chlorophyll fluorescence measured for each species against respective AOT 40. (W= Well 
watered, D = Drought) A= H. lanatus, B= A. capillaris, C= P. lanceolata, D= H. radicata, E= T. 
repens, F= L. corniculatus.  
 
4.3.6: Photosynthesis rate 
 
Photosynthesis rate was measured for three main species i.e. H. lanatus, P. lanceolata and T. 
repens, representing functional groups of grassland. High O 3 exposure (AOT40) significantly 
decreased the photosynthesis rate of three studied species. Significant watering effects were 
observed where greater values of photosynthesis rate were found in well watered pots compared 
to drought treated ones. Figure 4.7 shows the data. Table 4.7 presents  the  statistical results 
of  data  analysed  for  all  days  of  measurements  during experiment for each species.  
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Figure: 4.7:  Photosynthesis rate measured for each species against respective AOT 40. (W= Well 
watered, D = Drought) A= T. repens, B= P. lanceolata, and C= H. lanatus. 
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Table: 4.7:    Results for photosynthesis rate of studied species over the course of 
experiment. p values estimated using Markov chain Monte Carlo  
method. 
 
 
 
 
 
 
 
 
 
 
4.3.7: Stomatal conductance  
 
Stomatal conductance was also measured simultaneously with photosynthesis rate for 
functional groups comprising of H. lanatus, P. lanceolata and T. repens. High O3 exposure 
(AOT40) significantly decreased stomatal conductance of H. lanatus and P. laneolata only. 
Significant watering effects were observed in all three studied species, where greater values of 
stomatal conductance were found in well watered pots compared to drought treated ones. 
Figure 4.8 shows the data.  Table  4.8  presents  the   statistical  results  of  data  analysed  
for  all  days  of measurements during experiment for each species. 
 
Table 4.8: Results of stomatal conductance for studied species over the course of 
experiment. p values estimated using Markov chain Monte Carlo method. 
 
 
Variable H. lanatus P. lanceolata T. repens 
AOT40 0.02 0.003 ns 
Watering <0.001 <0.001 <0.001 
Day ns <0.001 <0.001 
AOT40  x Watering ns ns ns 
Watering x  Day <0.001 <0.001 <0.001 
AOT40 x Day ns 0.003 ns 
 
Variable H. lanatus P. lanceolata T. repens 
AOT40 <0.001 0.001 <0.001 
Watering <0.001 <0.001 <0.001 
Day 0.001 <0.001 <0.001 
AOT40  x Watering ns ns ns 
Watering x Day <0.001 0.01 0.009 
AOT40 x Day <0.001 <0.001 <0.001 
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Figure 4.8:  Stomatal conductance measured for each species against respective AOT 40. (W= Well watered, 
D= Drought) A= T. repens, B= P. lanceolata, and C= H. lanatus. 
 
 
4.3.8: Above ground biomass 
 
4.3.8 (i): Above ground biomass for individual species 
 
Responses varied between species, O3 and watering treatments (Table 4.9). Significant 
effects of O3 generally show a decrease in green or total above ground biomass or an 
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increase in dead and senescent biomass with increasing AOT40. Significant watering 
effects show that well watered plants have a greater biomass compared to drought treated 
plants. Figures 4.9-4.15 show the data for dead, senescent, green and total above ground 
biomass for each species.  
 
Table 4.9: p values obtained after ANCOVA for above ground biomass for each 
species (Watering= Well watered or drought, AOT40xW= Interactions 
between the two). 
 
Species Dead biomass Senescent biomass 
 AOT40 Watering AOT40xW AOT40 Watering AOT40xW 
H.lanatus ns <0.001 ns <0.001 ns 0.03 
P.lanceolata ns ns 0.02 <0.001 0.005 ns 
T.repens ns <0.001 0.009 0.04 <0.001 0.02 
A.capillaris ns <0.001 ns 0.005 0.004 ns 
L.corniculatus ns <0.001 ns ns <0.001 ns 
H.radicata 0.03 0.002 ns <0.001 0.01 ns 
C.biennis ns 0.04 0.01 ns ns ns 
Species Green biomass Total above ground biomass 
 AOT40 Watering AOT40xW AOT40 Watering AOT40xW 
H.lanatus <0.001 <0.001 0.02 ns <0.001 ns 
P.lanceolata <0.001 ns ns 0.03 ns 0.03 
T.repens 0.02 <0.001 ns ns <0.001 <0.001 
A.capillaris ns <0.001 ns ns <0.001 ns 
L.corniculatus <0.001 ns ns ns <0.001 0.01 
H.radicata 0.03 ns ns ns <0.001 ns 
C.biennis 0.001 0.001 0.04 ns ns 0.03 
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Figure: 4.9: Above ground biomass for H. lanatus (A) senescent, (B) dead, (C) green and (D) total 
biomass. W= well watered and D = drought treatments. 
 
 
 
Figure: 4.10:   Above ground biomass for A. capillaris (A) senescent, (B) dead, (C) green and (D) total 
biomass. W= well watered and D = drought treatments.  
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Figure: 4.11:  Above ground biomass for T. repens (A) senescent, (B) dead, (C) green and (D) total biomass. 
W= well watered and D = drought treatments. 
 
 
Figure: 4.12: Above ground biomass for L. corniculatus (A) senescent, (B) dead, (C) green and (D) total 
biomass. W= well watered and D = drought treatments 
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Figure: 4.13: Above ground biomass for P. lanceolata (A) senescent, (B) dead, (C) green and (D) total biomass. 
W= well watered and D = drought treatments. 
 
 
 
 
 
Figure: 4.14:  Above ground biomass for H. radicata (A) senescent, (B) dead, (C) green and (D) total biomass. 
W= well watered and D = drought treatment. 
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Figure: 4.15: Above ground biomass for C. biennis (A) senescent, (B) dead, (C) green and (D) total 
biomass. W= well watered and D = drought treatments. 
 
 
4.3.8 (ii): Above ground biomass of functional groups 
 
Above ground biomass of grasses, legume forbs and non legume forbs was also plotted 
against AOT40 exposures to look at trends for well watered and drought treatments 
(Figure 4.16). Table 4.10 shows the results of statistical analysis carried out for each 
functional group separately to look for effects of AOT 40, watering and their interactions.  
 
Table: 4.10:   p values obtained through ANCOVA for total community above 
 ground biomass and of each functional group. 
 
 
Variable 
Total 
community 
AGB 
 
Grass 
 
Legume forb 
 
Non legume forb 
AOT40 ns ns ns 0.01 
Watering <0.001 <0.001 <0.001 0.04 
AOT40 x Watering 0.03 ns <0.001 ns 
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Figure: 4.16:  Above ground biomass for (A) grasses, (B) legume forbs, (C) non legume forbs and (D) 
whole plant community, W= well watered and D = drought treatments. 
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Variable Grass Legume forb Non legume forb 
AOT40 <0.001 0.02 ns 
Watering ns 0.01 0.002 
AOT40 x Watering ns 0.02 ns 
 
4.3.9: Percentage biomass of each functional group 
 
The percentage of grass, legume forb and non legume forb in total community biomass was 
also calculated. Figure 4.17 shows the data and table 4.11 show the results from statistical 
analysis. 
Table 4.11: p values obtained through ANCOVA for proportional biomass of each 
functional group. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: 4.17:  Percentage above ground biomass of each functional group for FA (filtered air) and O 3  treatment. 
Blue= grass, maroon= legume forb and yellow= non legume forb. W= well watered and D=  
drought treated mesocosms. Different pie sizes indicate different amount of biomass produced 
comparative to each other. 
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4.3.10: Percentage cover  
 
4.3.10 (i): Species percentage cover 
 
Statistical significance of the effects of treatments on species cover at the beginning of 
the next year's growing season following O 3  exposure is given in Table 4.12. Significant 
AOT40 effects shown in the table for P. lanceolata reveal a decreasing trend in percentage 
cover of species in O3 treatments and significant AOT40 effects on bare ground 
show an increasing trend of bare ground in O3 treatments compared to controls (FA). 
Drought treatments have species-dependent positive or negative effects on species cover 
(Figure 4.18).  
Table 4.12:  p values obtained through GLM for percent cover of 
each species. 
 
Species AOT40 Watering AOT40 xWatering 
A. capillaries ns 0.01 - 
H. lanatus ns ns - 
T. repens ns 0.005 0.01 
L. corniculatus 0.02 0.04 - 
C. biennis ns ns - 
H. radicata ns ns - 
P. lanceolata ns ns - 
Bare ground 0.001 0.005 - 
 
 
4.3.10 (ii): Functional groups percentage cover  
 
No significant effects of O3 (AOT40) or AOT40 x Watering interactions were found for 
any of the functional groups. Significant effects of watering (p=0.006) were found only 
in grasses which had higher cover values in droughted pots compared to well watered 
ones (Figure 4.19).  
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Figure 4.18:  Percentage cover of each species plotted against respective AOT40. (A) A. capillaris ,(B) H. 
lanatus, (C) T. repens, (D) L. corniculatus, (E) P. lanceolata, (F) H. radicata, (G) C. biennis and 
(H) Bare ground. 
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Figure 4.19:  Percentage cover of each functional group in each O3 and watering treatment. (A) Grass, (B) 
Legume forb and (C) Non legume forb. 
 
4.3.11: Plant senescence  
Ozone exposure significantly (p=<0.001) increased the level of plant senescence in 
mesocosms in the following year i.e. summer 2010. Generally greater senescence was 
observed in droughted mesocosms (p=<0.001).  Figure 4.20 show the data.  No  significant  
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AOT0  x Watering  interactions  were  found  but  drought  seems to  protect  communities  
against phytotoxic O3  effects. In well watered mesocosms, O3  induced senescence was 
three times higher  in  plants  receiving  the  highest  O3    exposure,  compared  to  the  
communities  in droughted mesocosms (Percentage difference from FA controls in well 
watered mesocosms = 87%, in droughted mesocosms = 27%).  
 
 
 
Figure 4.20:  Mean senescence of each pot plotted against respective AOT40. 
 
4.4: Discussion 
 
Species varied in their responses to O3 as well as water availability. This is in agreement with 
previous studies with plant communities where differences between species were found in 
response to O3 exposure e.g.  Rämö et al. (2007), and responses of individual species in 
communities were some times different from responses of same species grown individually in 
pots (Evans & Ashmore, 1992; Barbo et al., 1998).Table 4.13 provides the summary of results 
as percentage change from controls i.e. filtered air (FA). 
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Table 4.13:  Summary of responses to combined O3   and water availability, of all 
species as a percentage difference from respective filtered air controls. 
(Fv/Fm=chlorophyll fluorescence, A= photosynthesis rate, Gs= stomatal
 conductance, AG total= Above ground total biomass).  
 
Parameter 
 
A. capillaris H. lanatus T. repens L. 
corniculatus 
C. biennis H. radicata P. lancelata 
Chlorophyll 
content 
W D W D W D W D W D W D W D 
-32 -52 -40 -28 -46 -38 -16 -28 -48 -23 -24 -13 +41 +71* 
Fv/Fm -2 -1 -2 -5 -3 -6 -3 +0.7**** -3 -2 -4 -2 -2 -2 
A - - -24 -24 -25 -16 - - - - - - -32 -18 
Gs - - -29 +5 -21 +3 - - - - - - -9 -9 
Senescent 
Biomass 
+43 +221 +27 
8 
+18 
0* 
-24 -20* +176 -26 -46 -10 +623 +167 +282 +280 
Dead 
Biomass 
+3 +263 +3 +2 -89 +55**
* 
+8 +86 -25 +2** +624 +187 +72 +60* 
Green 
Biomass 
+43 +221 -1 -35* -47 -43 -35 -32 -32 -6* -43 -36 +91 +22 
AG total - 
0.25 
+41 -1 -2 -47 -43* -27 -32** -32 -6* -252 -36 +91 +22* 
Significance codes (p) = * = 0.05, ** = 0.01, *** = <0.001 
4.4.1: Visible O3 injury 
 
Out of seven studied species two species i.e. P. lanceolata and T. repens showed visible 
O3 injury. Other species showed some injury classified as other injury but not O3 specific as 
it was seen in FA pots as well. No significant differences in injury were found between well 
watered and drought treated plants. The hypothesis that there will be greater injury in well 
watered plants because of greater stomatal conductance is rejected here.  
In T. repens injury in all O3 treatments could be seen after day 39 (27/06/2009) of the 
experiment (at an AOT40= 0.34 ppm.h, 2.12 ppm.h and 4.97 ppm.h, respectively, for low, 
medium and high O3   treatments).  In  P.  lanceolata injury  was  not  apparent  in  all  O3 
treatments until day 62 (20/07/2009) of the experiment (at an AOT40= 0.54 ppm.h, 3.73 
ppm.h and 6.95 ppm.h respectively for low, medium and high O3  treatments). Injury seemed 
to increase with time in both species. In T. repens maximum mean injury score of 6 (90-
100% leaves injured or dead) was noted, while in P. lanceolata maximum mean injury score 
of 3 (5-25% leaves injured or dead) was observed.  
Bungener  et  al. (1999a)  had  conducted  a  similar  study  (four  O3  levels,  two  irrigation 
treatments and species of semi-natural grasslands) to look at the O3  injury characteristics of 
grassland species in relation to soil moisture conditions and vapour pressure deficit. Out of 
24 species they studied, 4 species were identical to the ones used in present investigation i.e. 
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C. biennis, L. corniculatus, T. repens and P. lanceolata. In contrast to the present 
investigation they found O3 injury also in C. biennis and L. corniculatus, but they had grown 
species separately in pots rather than as a mixed community. This also highlights the 
importance of using plant communities rather than single species for O3 injury assessment. 
Crepis biennis and L. corniculatus showed injury when grown singularly but in the complex 
community as in the present experiment, these species did not show injury. A possible reason 
may be that the O3 exposure to the individual species in a mixed community may vary due to 
its location inside canopy (Jaggi et al. 2006) and  associated differences in O3  fluxes to 
individual species (altering interspecific competition). Bungener et al. (1999a) had classified 
24 species into 3 groups on the basis of their sensitivity to the lowering of soil water 
potential. Trifolium repens and L. corniculatus were classified as highly sensitive and P. 
lanceolata was in low sensitivity group. In T. repens they found a significant difference in 
visible injury between irrigated and reduced irrigation treatments, while in P. lanceolata  it 
was non significant, they related it to the less stomatal conductance in  plants with reduced 
irrigation, allowing less entry of O3  into T. repens. In P. lanceolata, on the other hand, no or 
little change of stomatal conductance resulted in no difference in injury between irrigated and 
reduced irrigation treatments. In the present investigation, although drought treated plants of 
P. lanceolata and T. repens showed lower stomatal conductances compared to well watered 
plants, no significant relationship was found between stomatal conductance and visible O3 
injury for either species (Figure 4.21).  
 
Figure: 4.21:  Mean injury scores plotted against stomatal conductance (A) P. lanceolata, (B) T. repens. 
W= Well watered and D= Drought treatment. 
4.4.2: Chlorophyll content 
 
Some species showed significant decreases in chlorophyll content in response to O3 
(Table 4.5). Similar findings have been reported elsewhere in the literature for range of 
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species for example Donnelly et al. (2001), Bindi et al. (2002), Xu et al. (2007), Rämö et 
al. (2007) and Singh et al. (2009), have also reported decreases in chlorophyll content in 
response to O3  in a range of species. Castagna et al. (2001) have argued that O3 induces 
decreases in chlorophyll content by preventing chlorophyll synthesis. Mortensen & Engvild 
(1995) on the other hand have provided evidence that reduction of leaf pigments by O3 is a 
result of secondary effects such as, for instance, membrane damage. In grassland species 
increases in chlorophyll content as a response to O3  have been reported for example Scebba 
et al. (2006) showed O3 (NFA +50 nl l
-1
) induced significant increases  in  chlorophyll  
content  of  Veronica  chamaedrys  Generally  greater chlorophyll in well watered 
compared to drought treated plants was observed, except H. radicata, where drought 
treated plants showed greater chlorophyll content compared to well watered  plants.  
Increases  in  chlorophyll  content  in  response  to  drought  have  also  been demonstrated 
by Mensah et al. (2006) in sesame (Sesamum indicum). In P. lanceolata, although no 
significant O3 effects were found, significant AOT40 x watering interactions show greater 
O3   induced increases in drought treated plants with increasing AOT40. 
The relationship between chlorophyll content and visible injury are illustrated in Figure 
4.22. In T. repens a significant linear negative relationship was found (R
2
= 0.92, p=0.002) 
showing a greater level of injury with decreasing chlorophyll content. In P. lanceolata no 
significant relationship was found between visible injury and chlorophyll content (R
2
=0.11, 
p=0.4). 
 
 
 
Figure: 4.22:  Relationship between visible injury and ozone induced reduction in chlorophyll content (A) 
P. lanceolata and (B) T. repens. 
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4.4.3: Chlorophyll fluorescence 
 
Ozone exposure significantly decreased the Fv/Fm ratio in four out of the seven studied 
species (Figure 4.6). Such decreases indicate a reduced photochemical efficiency of 
photosystem II and show a reliable sign of O3 induced photoinhibition (Krause, 1988). The 
decreases in Fv/Fm as a response to O3 found in the present experiment are in agreement 
with previous reported decreases of Fv/Fm as a response to O3 in grassland species 
(Reiling & Davison, 1992b, 1994; Nussbaum et al., 2001; Degl'Innocenti et al., 2003; 
Scebba et al., 2003; Scebba et al., 2006). Species that have revealed significant effects of 
watering (Table 4.6) have generally demonstrated greater values of Fv/Fm in well watered 
compared to drought treated plants. Drought has been reported to decrease Fv/Fm for 
example in Mediterranean tree species (Faria et al., 1998). Saccardy et al. (1998) 
suggested that one of the reasons for decline in Fv/Fm in Zea mays as a response to 
drought could be a regulatory adjustment to limiting carbon availability imposed by water 
stress. Havaux (1992) has suggested that the increases in Fv/Fm as a response to a stress 
may be because of the activation of antioxidant defence systems. This may be an 
explanation for the effects observed in L. corniculatus in the current study as this was the 
only species that exhibited significant AOT40 x watering interaction. This species showed 
an increase rather than a decrease in chlorophyll fluorescence as a response to O3 in drought 
treated plants (Table 4.13). Vitale et al. (2008) did not find any significant effects of O3 on 
Fv/Fm for drought treated plants of Quercus ilex. This is in agreement with the present 
investigation where for three species no significant O3 effects were observed for Fv/Fm. 
4.4.4: Photosynthesis rate and stomatal conductance 
 
Ozone exposure significantly decreased the photosynthesis rate in all three studied species 
(Table 4.2). In well watered plants, the highest O3 induced decreases in mean 
photosynthesis rate, over the whole experimental period, were found in P. lanceolata 
(Table 4.13). In drought treated plants on the other hand, we would expect that H. lanatus 
being a grass, will be less affected by O3 compared to forbs, however, the highest O3  
induced decreases in mean photosynthesis rate, over the whole experimental period, were 
found in this species (Table 4.13). Species' photosynthetic responses to O3 found in this 
study are in line with previously documented O3   induced decreases in photosynthesis rate 
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for a range of plant species (Le Thiec et al., 1994; Donnelly et al., 2001; Inclan et al., 
2005). Water availabilty generally seems to decrease photosynthesis rate in droughted 
compared to well watered plants (Figure & Table 4.7). Previous experiments with effects 
of drought on photosynthesis rates of plants for example Sharkey (1990), Cornic (2000), 
Flexas & Medrano (2002), Zhang et al. (2008) and Dias & Brüggemann (2010) have also 
shown drought induced decreases in photosynthesis of the species studied in the present 
investigation. Although drought treated plants in this study have demonstrated  lower  
photosynthesis  rates  compared  to  well  watered,  but  no  significant AOT40 x  Watering 
interactions show no modifications in  response to O3   by soil water availability in future 
climate.  
 
Responses of plant species to combined O3 and drought are mostly linked through effects on 
stomatal conductance. Greater stomatal conductance will lead to greater uptake of O3 and 
greater deleterious effects.  Drought can protect plants through closure of stomata. The 
decreases in stomatal conductance, either O3 induced or drought induced, on the other hand 
can restrict photosynthesis. This will result in lower photosynthate production, which 
ultimately affects biomass production. Results from the present work  (Figure & Table 4.8) 
generally agree with earlier described effects of O3,  Wieser & Havranek (1993), Reiling  & 
Davison (1995), Morgan et al. (2003), Singh et al. (2009), Hayes (2007) and drought, Xu 
& Baldocchi  (2003), Flexas et al. (2002), Medrano et al. (2002) and Damour et al. (2009) 
on stomatal  conductance,  where  both treatments individually  have  been  reported  to  
decrease  stomatal conductance.  So  far  only a few  studies  have  been  carried  out  
exploring  O3    x  drought interactions in more than two grassland species. Bungener et al. 
(1999 a, b) did not study the physiological parameters.  Nussbaum  et  al. (2000)  while 
investigating plant-plant interactions and soil moisture as modifiers to responses of 
grassland species  to  O3, studied  stomatal  conductance  and  found no  significant  O3   
effects  in  dry treatments in  any  of the studied species. Jaggi et al. (2005) found a 
reduction in stomatal conductance with decreasing soil moisture in H. lanatus and P. 
lanceolata. In the present experiment lower stomatal conductances in drought treated plants 
compared to well watered ones support their findings. 
4.4.5: Above ground biomass 
 
Generally well watered plants showed greater biomass compared to drought treated plants. 
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Hypochaeris radicata  was  the  only  species  where  drought  treated  plants  produced  
greater  biomass compared  to  well  watered  ones,  in  both  FA  and  O3   treatments. Ozone   
effects on different categories of biomass varied between species but generally a decrease 
in green and total biomass and an increase in senescent and dead biomass was observed in 
response to O3.  
4.4.5 (a):  Senescent biomass 
 
In some species, where O3 effects were significant, a general increase in senescent biomass 
was observed at higher O3 exposure (Figures 4.9-4.11) except T. repens where decreases 
rather than increases were observed. Among all studied species, well watered  H. 
radicata  plants  were  found  to  be  most  sensitive  in  terms  of  greater  senescent  
biomass production. In droughted conditions however, P. lanceolata showed greatest O3   
induced increases in senescent biomass (Table 4.13). H. lanatus, was the only species 
where O3 induced increases in senescent biomass were greater in well watered plants 
compared to drought treated plants of same species (Table 4.13). 
4.4.5 (b):  Dead biomass 
 
The O3 effects were significant only in H. radicata (Table 4.9), where an increase in dead 
biomass was observed in both well watered and droughted plants (Table 4.13). Trifolium 
repens and C. biennis showed an increase in the dead biomass of droughted plants and a 
subsequent decrease in well watered plants (Table 4.13). 
4.4.5 (c):  Green biomass 
 
Above ground green biomass decreased in most species in O3 treatments compared to FA 
controls. Plantago lanceolata and A. capillaris were the only species that showed O3   
induced increases in green biomass. Greatest O3   induced decreases in green biomass, 
among all studied species were observed in both well watered and drought treated plants 
of T. repens (Table 4.13). 
4.4.5 (d):  Above ground biomass 
 
Plantago lanceolata plants (both well watered and droughted) showed a significant 
increases in above ground  biomass compared to other studied species which showed 
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non significant decreases  in  above  ground  biomass  in  O3   treatments.  In well watered 
plants greatest decreases, among studied species, were seen in H. radicata although main 
effects of O3 were not significant. Similarly in drought treated plants T. repens showed 
greatest decreases (Table 4.13) with  no  main  significant  effects  of O3, but  AOT40  x  
watering  interactions  being significant  indicating  a  greater  decrease  with  increasing  
AOT40  in  well  watered  plants compared to drought treated plants. 
Comparing  above  ground  biomass  results  from  this  study  to  meta  analysis  of  
species sensitivity to O3  (Hayes et al., 2007a), I  find unlike their reporting, where above 
ground biomass of H. lanatus  is reported to be sensitive to O3, in the present study no 
significant O3 effects were found on the above ground biomass  of this species. Similarly 
above ground biomass of P. lanceolata is found to be sensitive to O3 in the present study and 
is classified as non sensitive to O3 in their meta-analysis which mainly compiled results 
from experiments with single species. 
4.4.6: Community above ground biomass 
 
Heagle et al. (1989), Wilbourn et al. (1995) and Hayes et al. (2010) have reported O3 effects 
on a plant community as a decrease in biomass with increasing O3 concentrations, and 
shifts in community structure because of increased dominance of one or more species 
relative to others. In the current investigation, a decrease in total community above ground 
biomass can be seen in O3 treatments but the main effects of O3 were not significant. 
Effects of O3 on proportional biomass (Table 4.11), however, were significant showing 
increased dominance of grass, resulting in altered grass : forb ratio (Figure 4.24). Previous 
accounts of O3 effects on plant communities e.g. Pfleeger et al. (2010), Barbo et al. (1998), 
Volk et al. (2006), Bassin et  al. (2009)  and Hayes (2007) were with well watered 
communities, the present experiment shows drought  treated communities to produce 
significantly lower above ground biomass compared to well watered  communities. Water 
availability is one of the important factor limiting plant growth and resulting in a 
decreased above ground biomass (Worku & Astatkie, 2010).  Significant  AOT40  x  
Watering  interaction  in  community  above  ground  biomass suggests  that  drought  
protects  communities  from  the  detrimental  effects  of O3   (Table 4.10). This is likely to 
be related to lower stomatal conductance, resulting in lower O3 flux into droughted plants, 
compared to well watered ones. 
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4.4.7: Carry over effects on species cover and community composition 
 
A significant trend of greater percentage of bare ground following increasing O3 exposure is 
apparent (Figure 4.18), this may be mainly because of the decreased re growth of O3 
sensitive species in the following growing season. There is also a significantly greater 
percentage of bare ground in drought treated mesocosms compared to well watered. This 
can also be related to the greater above ground biomass production in well watered 
compared to drought treated mesocosms at the end of exposure in 2009. The well watered 
mesocosms had denser canopies whilst in drought treated mesocosms plants were smaller 
and occupied less space. Debinski et al. (2010) assessed the change in community 
composition of a complex montane meadow during drought by measuring changes in the 
percent cover of bare ground and plants during five years. In xeric and mesic meadows of 
two studied regions they also found a significant increase in bare ground as a response to 
drought. Among functional groups (shrubs, graminoids and forbs) they found a 
heterogeneity in response to drought both between plant functional groups and meadow 
types. Primarily they found forbs to show decreases and shrubs to show increases in 
percent cover.  They suggested that these differential   responses may be because of 
different root lengths allowing differential use of deeper soil moisture during   the periods 
of drought. In the present study, in well watered plants of   T.  repens and  L.  corniculatus 
a  significant  trend  of  greater  percentage  cover compared to drought treated replicates 
was observed. Below ground responses were not studied but treatment-related differences 
in rooting lengths may be involved in the responses of these two species. In the present 
experiment a significant decrease in the percentage cover of L. corniculatus was also 
observed in the O3 treatments (Table 4.12) after overwintering. Decreases as well as 
increases in the percent cover of species have earlier been reported in response to O3. 
For example, Rämö  et al. (2007) in their study with meadow species in mesocosms for 
three growing seasons (2002-2004)  found elevated O3  (40-50ppb) to decrease the early 
season coverage of plant communities in the summer of  2003 and a significant decrease 
in the coverage of one forb species in 2004. They suggested that O3   exposure reduced 
the overwintering capacity of this species and rendered it more vulnerable to the new 
exposure in the following year.  Barbo et al. (1998) on the other hand have reported an 
increase in the percent cover of blackberry in response to elevated O3 (4 x ambient) in an 
early successional plant community.  They suggested it may be because of O3 induced 
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alterations in canopy cover resulting in reduced interspecific competition for resources in 
this species.  
 
Hayes (2007) reported a non significant trend of increasing cover of Anthoxanthum 
odoratum in higher O3 compared to lower O3 treatments and argued that the lack of 
significance was because of the greater variation between species in communities. In the 
present study, non significant O3 effects were found for several species (Table 4.12) but 
unlike Hayes (2007) a decreasing rather than increasing trend was observed in percentage 
cover of these species with increasing O3. This can be related to a decreased above ground 
biomass found in these species in O3   treatments compared to FA controls at the end of 
exposure in 2009 (Table 4.13).  
 
In T. repens, although no O3   effects were observed, significant AOT40 x Watering 
interactions indicate a greater O3 induced decrease in cover of this species in well watered, 
compared to droughted plants. This can also be related to the results of total above ground 
biomass obtained after the end of exposure in 2009 (Table 4.9) where there were no main 
effects of O3 but significant AOT40 x Watering interactions were observed. A significantly 
greater increase in the above ground biomass of grasses and a corresponding decrease in 
the above ground biomass of legume forbs was apparent as an effect of O3   after the end 
of exposure in 2009 (Table 4.11). These effects, however, were not carried over to the 
following spring as there were no significant differences in the proportional cover of 
grasses and legumes before the beginning of O3 fumigation in 2010. 
4.4.8: Mesocosm senescence 
 
A greater mesocosm senescence was observed with increasing O3   exposure in both well 
watered and droughted conditions in 2010 (Figure 4.28).  Accelerated  foliar  senescence  as  
a response to O3  has earlier been reported by different authors for a range of plant species 
for example Dawnay & Mills  (2009), Reich & Lassoie (1985), Pell et al. (1999), 
Pääkkönen et al. (1997)  Mikkelsen  &  Heide-Jørgensen (1996). Generally drought treated 
mesocosms showed greater senescence compared to well watered ones in the present study. 
Drought itself has been shown to induce leaf senescence. Munn & Alegre (2004) have 
shown in field grown plants that drought induced leaf senescence contributes to plant 
survival under drought stress as it plays an important role in the remobilisation during 
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stress.  Leaf senescence also eliminates water consumption by older, less productive leaves. 
Ozone    induced senescence, however, was greater in well watered compared to droughted 
mesocosms. This can be related to  the  greater  stomatal  conductance  exhibited  by  
component  species  of  well  watered mesocosms, leading to greater O3  uptake. 
4.5: Conclusion 
 
1.   Species level differences were apparent in responses to ozone and drought treatments.  
2. Of all the seven species studied, the most affected species in terms of O3 exposure 
was T. repens (O3 effects being significant in most of the studied parameters 
compared to other species). In terms of water availability, both T. repens and A. 
capillaris were relatively sensitive. Plantago lanceolata and C. biennis showed 
significant AOT40 x watering interactions  in  most  of  the  studied  parameters,  
however,  responses  were  not  in  a consistent  direction, with either droughted or 
well watered plants showing greater O3 effects, depending upon the parameter under 
investigation.  
3. Photosynthesis and stomatal conductance were measured in three species H. lanatus, 
P. lanceolata and T. repens. Ozone generally caused decreases in both 
photosynthesis and stomatal conductance in these species. Generally, well watered 
plants showed greater values of photosynthesis and stomatal conductances compared 
to drought treated plants but  no  significant  AOT40  x  watering  interactions   
were  found,  such  that  water availability per se did not affect physiological 
responses towards O3.  
4. Visible O3 injury was seen only in T. repens and P. lanceolata but no 
significant difference was seen between well watered and drought treated plants and 
no significant relationship was observed between stomatal conductance and visible 
O3   injury.  
5. Generally  well  watered  plants  in  each  species  had  a  higher  chlorophyll  
content, fluorescence, photosynthesis,   stomatal   conductance   and   above   ground 
biomass compared to  drought treated plants. The exception was C. biennis where 
at high O3 levels, effects were reversed.  Greater O3 effects on well watered plants 
could be explained through greater stomatal conductance in these plants compared 
to droughted ones, leading to greater O3 flux.  
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6. Hypochaeris radicata was the only species in which drought treated plants 
produced greater above ground biomass compared to well watered.  
7. Community level above ground biomass responses showed increased dominance 
of grasses compared to forbs in high O3, well watered treatments. Drought seemed 
to protect  the  plant  community  from  O3   effects,  with  smaller O3   induced  
changes  in community structure compared to well watered communities.  
8. Carry over effects following one season's ozone and drought treatments were 
observed as decreased regrowth of species at the beginning of the following year.  
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Chapter 5: General discussion 
 
The present attempt was made mainly to explore the role of three main factors i.e. N 
(chapter 2 & 3), drought (chapter 4) and competition in modifying responses of grassland 
species to O3. The species selected were representative of mesotrophic (MG5) and 
calcifugous (U1) grassland communities and represent a good proportion of the UK 
grasslands. The main findings from the present study are given below and these are then 
discussed in the context of their ecological significance. At the end recommendations for 
further work are given.  
 
5.1: Main findings of the study 
 
 Different species showed different responses to O3 and sensitivity of a species to 
O3 was dependent upon the response criterion used.  
 Significant effects of N (chapter 2 & chapter 3) and water availability (chapter 4) 
were observed  and  modifications  (either  an  increase  or  decrease  depending  
upon  the studied parameter) in response to O3 were found in some of the studied 
responses.  
 In terms of interaction with N different responses to combined O3  and N effects 
were observed  in  species  from  mesotrophic  and  calcifugous  grassland  
communities. Studied species of mesotrophic grasslands, with the exception of H. 
lanatus, generally showed greater O3 induced decreases in the growth and 
development of low N treated plants (chapter 2).  Studied physiological responses of 
species from calcifugous grasslands, on the other hand generally showed the 
opposite trend i.e. at higher O3 concentrations greater decreases in studied responses 
were observed in high N treated plants (chapter 3). There were however different 
conditions between the two experiments.  
 
 Species from calcifugous grasslands grown either as single or mixed species 
showed similar trends in physiological responses, in response to combined O3 and N 
(chapter 3). The difference found between single and mixed species was only in the 
magnitude of response for example in, R. acetosella, O3  induced decreases in 
stomatal conductance were observed in both single and mixed species but these 
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decreases were significantly greater in mixed species. 
 Mesotrophic  species  growing  as  part  of  community  showed  greater  growth  
and development in well watered compared to drought treated plants. However O3 
induced decreases in most of the studied parameters were greater in well watered 
compared to drought treated plants, possibly because of the greater stomatal 
conductance in the former, leading to greater O3 uptake through stomata.  
 Community above  ground  biomass  responses  reveal  greater  shifts  in  the  
species composition of well watered communities at higher O3  compared to 
drought treated communities.  
 Carry over effects of O3 were observed as greater percentage of bare ground in O3 
treated communities because of the decreased re-growth of species in the 
following year before the start of O3 fumigation. 
 
5.2: Effects of ozone  
 
 
Ozone   effects in each studied parameter of a  species have been discussed in each of the 
data chapters. Generally the most O3 sensitive parameters observed in single species study 
from mesotrophic grasslands (chapter 2) were the O3 injury and biomass responses (Table 
5.1). These are also the two main parameters used in the ICP Vegetation O3 biomonitoring 
programme to assess widespread O3 damage to vegetation in Europe (Hayes et al., 2007b). 
Visible injury however, cannot solely be used for estimation of O3 effects on grassland 
vegetation. In the present investigation, i n  H. lanatus n o  visible injury was  found 
when grown singularly (chapter 2) or when growing as part of a  community (chapter 4), 
however O3 injury has earlier been reported in this species (Tonneijck et al., 2004). 
Species classification according to their O3 sensitivity (Hayes et al., 2007a) was also 
carried out on the basis of above ground biomass responses to O3. It is evident from table 
5.3 that in most of the species investigated, there were no significant decreases in above 
ground biomass, nor visible injury observed but these species showed sensitivity to O3 in 
other studied parameters. The present study therefore, suggests that a range of criteria 
should be used to assess O3 impacts on species and communities. Ozone induced decreases 
found in above ground biomass of some species in the present project are in line with 
previous studies in this area. For example, Bergmann et al. (1995), Reiling & Davison 
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(1992b), Bender et al. (2006) and many others have provided evidence of decrease in 
biomass in their O3 exposure experiments with individual native plant species. One of the 
reasons for O3 induced decreases in above ground or below ground biomass may be because 
of alteration in resource allocation.  Another reason could be O3   induced decreases in 
photosynthesis rate of species leading to lower assimilate production. In a plant 
community, decreases in biomass of a particular species may bring about changes in species 
composition which will have implications for ecosystem functioning. Ozone induced 
decreases in biomass of grassland species growing as part of a community have been 
shown by Pleijel et al. (1996), Rämö et al. (2006), Rämö et al. (2007), Thwaites et al. 
(2006), Volk et al. (2006), Hayes (2007) and Wedlich (2009). In the present investigation, 
species growing as part of a mixed community (chapter 4) did not  show decrease in 
above ground biomass. The only significant response was observed in P. lanceolata where 
an increase rather than a decrease in above ground biomass was observed in response to O3. 
Plantago lanceolata has earlier been reported to show an increased adaptability in O3 
treatments, for example, after five years of elevated O3 exposure (AOT40 ranging from 
13.3-59.5 ppm.h), greater genetic diversity in O3   treatments compared to controls was 
observed by Kölliker et al. (2008), in populations of P. lanceolata.  There is a positive 
relationship between higher genetic diversity and increased adaptability and fitness of a 
population (Reed & Frankham, 2003). Greater above ground biomass produced by P. 
lanceolata as a response to O3  in the present  investigation may show an increased fitness 
of this species in O3  treatments, with knock on effects for neighbouring plant species. In a 
plant community, plant species identity also has an important effect on the associated soil 
food webs (Wardle, 2005). Ozone induced increases in above ground biomass of P. 
lanceolata found in the present study may therefore have associated effects on soil 
communities and this may have implications for ecosystem functioning. Decreases in the 
proportion of legume forbs as a response to O3 on mesotrophic communities have also been 
found in the present study (Table 4.11). Legume species are important as N fixers in 
grasslands and a decrease in legume proportion can indicate potential damage to grassland 
ecosystems (Harmens et al., 2010). 
 
Physiological  responses  studied  in  species  from  calcifugous  grasslands  (Table  5.2)  
and species from  mesotrophic grasslands (Table 5.3) showed chlorophyll fluorescence 
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(Fv/Fm) parameter to be most O3 sensitive. Beside Fv/Fm another parameter that was found 
to be O3 sensitive in most species of mesotrophic grasslands growing as part of a 
community (chapter 4) was chlorophyll content. Chlorophyll is the major photosynthetic 
pigment of terrestrial green plants and a decrease in its content may lead to decreased 
photosynthesis. Similarly, Fv/Fm is proportional to the yield of photochemistry (Butler & 
Kitajima, 1975a) and a reduced  Fv/Fm  ratio  possibly indicates  a  direct  disruption  of  
the  plant’s photosynthetic machinery  (Lichtenthaler,  1988).  This may have  ecological  
implications  as  O3   induced disruption of photosynthetic processes in the studied grassland 
species will have an impact on the food and energy supplies of herbivores that depend on 
these grasslands, resulting in changes in energy cycles of these grasslands. 
 
Of all the studied species, the genus Trifolium was found to be most O3  sensitive, with both 
T. pratense (chapter 2) and T. repens (chapter 4) exhibiting particularly strong O3 effects in 
most of the studied parameters. The genus Trifolium has also been reported to be most O3 
sensitive in earlier literature. It is an important forage crop and an O3 induced decrease in 
its quality and quantity will have an associated effect on the livestock feeding. Decreases 
in Trifolium will have implications for nutrient availability and biogeochemical cycling in 
general.  
 
Table 5.1: Responses to O3 (x = significant response to O3) of different parameters 
studied in chapter 2. Gs= stomatal conductance, A= photosynthesis 
rate, Fv/Fm= chlorophyll  fluorescence,  AGB=  Above  ground  
biomass,  BGB=  Below  ground biomass, TB= Total biomass. (↓= 
decrease, ↑= increase).  
 
Species Response 
 Heig ht 
 
No. of 
leaves 
O3 injury Gs A Fv/F 
m 
AGB BGB TB Root/shoot 
C. arvense   x ↑    x ↓ x ↓ X ↓ x ↓ 
C. nigra   x ↑  x ↓  x ↓ x ↓ X ↓  
H. lanatus          x ↓ 
T. pratense   x ↑ x ↓ x ↓  x ↓ x ↓ X ↓ x ↓ 
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Species Response 
 Photosynthesis Stomatal conductance Fv/Fm 
 single 
species 
mixed 
species 
single species mixed 
species 
single 
species 
mixed 
species 
A. capillaris x ↓ x ↓ ns ns x ↓ x ↓ 
R. acetosella x ↓ x ↓ x ↓ x ↓ x ↓ x ↓ 
T. repens x ↓ ns x ↓ x ↓ x ↓ x ↓ 
P. lanceolata x ↓ x ↓ x ↓ 
 
Table  5.2: Responses  to  O3    (x  =  significant  response  to  O3)  of  different 
parameters studied in chapter 3. Gs= stomatal conductance, A= 
photosynthesis rate, Fv/Fm= chlorophyll fluorescence. (↓= decrease, ↑= 
increase).  
 
 
 
 
 
 
 
 
 
 
 
Table 5.3: Responses to O3 (x = significant response to O3) of different parameters 
studied in chapter 4. Gs= stomatal conductance, A= photosynthesis rate, Fv/Fm= 
chlorophyll fluorescence,   AGB= Above ground biomass.  (↓= decrease, ↑= increase).  
 
Species Response 
 O3 
injury 
Chlorophyll 
content 
Fv/Fm Pn Gs AGB Percent 
cover 
A. capillaris ns x ↓ x ↓ ns ns ns ns 
H. lanatus ns ns x↓ x ↓ x ↓↑ ns ns 
T. repens x ↑ x ↓ x↓ x ↓ ns ns ns 
L. corniculatus ns x ↓ ns ns ns ns x ↓ 
C. biennies ns ns ns ns ns ns ns 
H. radicata ns x ↓ ns ns ns ns ns 
P. lanceolata x ↑ ns x↓ x ↓ x ↓ x ↑ ns 
 
 
The present  study  also  suggests the need  to  explore  O3   responses  of  species  growing  
as  part  of community and for longer periods, for example, T. repens in the present 
experiment (chapter 4) showed significant decreases in chlorophyll content in response to O3. 
Scebba et al., (2003) on the other hand, in a short term experiment with the same species 
singularly (acute exposure of 150 ppb for 3 hours) did not find any significant O3   
induced changes in the chlorophyll content. This may be misguiding while assessing O3 
sensitivity of this species for use in the development of any O3 sensitivity database of 
grassland species. 
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5.3: Ozone and nitrogen combined effects 
 
Responses to combined O3 x N found in the present study differed between species from 
two different grassland types. In mesotrophic grassland species, generally high N seems to 
counterbalance O3 effects by favouring growth and development of species. Stomatal 
conductance and photosynthesis responses found in T. repens and R. acetosella from 
calcifugous grasslands, on the other hand show high N to exacerbate O3 effects (Table 3.9).  
 
In responses from mesotrophic grassland species there were greater O3 effects on low N 
treated plants of three out of four studied species. The only exception was H. lanatus. High 
soil N availability in the above mentioned three species from mesotrophic grassland 
alleviated phytotoxic O3 effects in these species. This may be through greater 
manufacturing of antioxidants in these species (Whitfield et al., 1998). Holcus lanatus 
seems to grow well in low N environments in experiment 1 (chapter 2). Ozone   induced 
decreases in the total biomass of this species were greater in high N compared to low N 
treated plants. In studied species from mesotrophic grasslands, generally a decrease in 
stomatal conductance in response to O3 was observed in both high N and low N treated 
plants. The only exception was C. nigra, where an increase in stomatal conductance in 
response to O3 was found in high N treated plants. This increase in stomatal conductance 
might have resulted in greater O3   uptake by this species leading to greater senescent 
biomass production in high N treated plants of this species. 
 
The photosynthetic responses obtained from species of calcifugous grasslands have 
shown significant AOT40 x N interactions for mixed species R. acetosella and single and 
mixed species T. repens (Table 3.4). These show a greater O3 induced decrease in 
photosynthesis rate of high N treated plants compared to low N treated plants. These 
greater decreases may be because of similar greater decreases in stomatal conductances 
(Table 3.9). These greater decreases in photosynthesis in high N treated plants of these 
species will have an impact on the productivity of these species, if sustained over the 
growing season. Genus Trifolium has been studied earlier with reference to combined O3 
and N effects. For example Bermejo et al. (Bermejo et al., 2005) found  a significant O3  
x N interactions on the seed weight of T. striatum where N ameliorated O3  effects. 
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Similarly Sanz et al. (2005) did not find any significant O3 x N interactions in visible 
injury and above ground biomass of T. subterraneum.  High N supply in this species 
reduced senescence in the high O3 treatment. In the present study two species of Trifolium 
were investigated for combined O3 x N effects in two different experimental conditions. 
The responses found in both species i.e. T. pratense and T. repens were similar i.e. a 
greater O3 induced decrease in physiological responses was observed in high N compared 
to low N. 
 
5.4: Ozone and drought combined effects 
 
 
In the present investigation both O3 and drought, individually affected species in at least one of 
the studied parameters. The present study highlights drought as an important factor that 
modified the response of species towards O3. Plantago lanceolata in the current experiment 
was the only species where O3 induced increases in chlorophyll content of drought treated 
plants were significantly greater than well watered ones. Green and above ground biomass at 
the end of exposure, in this species however exhibited greater O3 induced increases in well 
watered plants compared to droughted ones.  
 
Drought  treated  plants,  in  the  present  study  generally seem  to  show  lesser  growth  and 
development compared to well watered ones. Hypochaeris radicata was the only species 
where drought treated plants showed better growth compared to well watered ones. This 
species is reported to be drought resistant (Turkington & Aarsen, 1983). Although no 
significant O3 x drought interactions were found, there seems to be a trend of greater O3 effects 
on well watered plants of this species (Table 4.13).  This species was lower in canopy and is 
likely to be effected by changes in above ground competition driven by O3. 
 
Trifolium repens is an important forage crop. Results from the present study show that 
although drought reduces overall biomass of this species, it also protects it against 
phytotoxic O3 effects. Significant AOT40 x watering interactions were found in the above 
ground biomass of this species showing a greater O3 induced decreases in well watered 
plants (Table 4.9 & Table 4.13). Trifolium repens has been reported as an  O3  sensitive 
species in many of the O3  effects experiments conducted in well watered conditions under 
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ICP Vegetation programme and many other experiments. The difference in magnitude of 
response between well watered and drought treated plants found in the present study suggest 
that responses of plants growing in well watered conditions may overestimate the O3  effects 
on this species growing in drier areas.  
5.5: Future work 
 
1. Derivation of actual stomatal flux of O3 for each studied species and a comparison of 
responses obtained through PODY analysis. 
2. In previous long term O3 effects on vegetation studies it has been reported that some 
of the O3 effects on certain parameters may appear in the following years or some 
existing O3 effects on certain parameters may disappear in the next years. For example 
in the present O3  x drought study  (chapter 4) carry over effect was found as 
decreased re- growth of some species in the next growing  season of study i.e. 
summer 2010. In order to better understand O3  x drought or O3  x N interactions it is 
recommended to continue  the  experiment  for  longer  than  the  one  (or  two)  years  
typical  of  most experiments.  
3. Continuation of an experiment with investigations involving soil chemical analysis, 
soil microflora and fauna characterization will help in understanding some of the 
mechanisms behind the O3 sensitivity of a plant community.  
4. Mesocosms CO2 flux measurements will provide an estimation of carbon sink strength 
of studied grassland species in a changing climate.  
5. Regular weeding within mesocosms was carried out during the experiment, a general 
observation however was a greater invasion of weeds in well watered O3 treated 
mesocosms. It will be interesting to look further into it.  
6. An investigation into the assimilate translocation patterns, using 
11
CO2  as a tracer will 
further help in understanding combined O3  and drought effects on biomass allocation.  
7. Bees  and  wasps,  pollinators  and  predators  are  important  functional  groups  of 
terrestrial  ecosystems. An investigation into the indirect effects of O3  and climate 
change on these through  changes in plant species composition will help in greater 
understanding of ecosystem functioning.  
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APPENDEX I 
The composition of Hoagland’s solution (100% strength in 1 litre)   
is given below. 
 
 Hoagland’s Solution  
 
Solution (A): 
 
1.  CaCl2.2H2O 58.8g 
2.  KCl 44.4g 
 
 
 
Solution (B): 
 
 
1.  KH2PO4 13.609g 
2.  MgSO4.7H2O 4.9g 
3.  H3BO3 0.288g 
4.  MnCl2.4H2O 0.18g 
5.  ZnSO4.7H2O 0.02g 
6.  CuSO4.5H2O 0.008g 
7.  FeSO4.7H2O 0.0004g 
8.  (NH4)6MO7O24 0.004g 
Or H2MO2O7 
 
9. C4H6O6 0.0004g 
 
 
 
Hoagland’s solution was prepared by mixing equal volumes of both the solution A and solution 
B which were made separately to avoid precipitate. 
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APPENDIX II 
Making the (concentrated) stock solution 
 
Aim was to add 50 kg N ha
-1
 to high N pots, over the fumigation period (6 weeks) 
This is 5/6 = 0.833 g N/m
2
/week 
Pots = 13 cm diameter, Area of pot ( r2) = 0.013 m
2
, so need 0.011 g N/pot/week 
To add this as 250 ml, needed 0.011 x 4 in a litre = 0.044 g N in a litre. 
However, easiest was to make up a 1000 times concentrated stock solution first. This needed 
44 g N in 1 litre (of which I used 0.25 ml in every 250 ml pot application). 
To get 44 g N using NH4NO3 (mol. Wt 124), needed 124/28 x 44.00 g = 194.86 g NH4NO3, 
dissolved in 1 litre to make the (1000 x concentrated) stock solution. Since this was rather a lot 
of chemicals, so made up 250 ml, using 48.715 g NH4NO3.  
For the high N pots, I used 0.25 ml of this stock to make up the volume 250ml for a pot 
application.  
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APPENDIX III 
Nutrient solution application details for 2008 experiment 
 
 
For mixed species pots, during the seven weeks experiment period, high N pots received 500 
ml solution containing 5 ml of Hoagland’s and 0.5 ml of 9.93 M NH4NO3 stock solution 
(0.0897 g N/ pot/week) at one week interval, while low N pots were given the same volume of 
500 ml with 5 ml of Hoagland’s solution only with no added N stock solution.  For single 
species pots, keeping in view the small pot size, weekly application was reduced from 500 ml 
to 200 ml but the target N concentration was the same as in mixed species pots. For smaller 
pots, 2 ml of Hoagland’s solution and 0.2 ml of 9.93 M NH4NO3 stock solution (0.03588 g of 
N/pot/week) was diluted to 200 ml volume for application to each high N pot.  
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APPENDIX IV 
AOT0 Analysis of biomass data from 2009 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For dead biomass, AOT0 analysis showed results similar to AOT40 analysis (Table 4.9), except that P. 
lanceolata exhibited significant effects of O3 exposure (through AOT0 analysis) as an increase in dead biomass, 
and significant watering effects (greater dead biomass produced in droughted plants compared to well watered). 
Significant AOT40 x watering interactions for P. lanceolata, T repens and C. biennis are lost in AOT0 analysis. 
For senescent biomass, results are similar in all species except T. repens where significant AOT40 x watering 
interactive effects are lost through AOT0 analysis. Agrostis capillaris which did not show any significant O3 
effects through AOT40 analysis, showed significant O3 effects as decreases in green biomass in response to O3 
exposure through AOT0 analysis. Significant O3 effects found for the green biomass of L. corniculatus and C. 
biennis through AOT40 analysis are not obtained with AOT0 analysis. Total biomass of P. lanceolata that was 
significant with AOT40 analysis is no more showing any significant O3 effects with AOT0 analysis. 
Although O3 concentrations were greater with AOT0 (Low=31.6, medium=51.5, high= 61ppm.h) compared to 
AOT40 (figure 4.2 A) but most of the significant interactions that were obtained through AOT40 analysis 
(Table4.9) are lost in AOT0 analysis. AOT40 in the present study better explains the O3 effects compared to 
AOT0. This highlights the importance of considering a threshold while evaluating O3 effects on species as there 
may greater O3 concentrations but all of the O3 is not absorbed by plants and the one that gets entry into plants 
through stomata may be detoxified by the defence system of plants. 
 
 
 Dead biomass Senescent biomass 
AOT0 Watering AOT0 x 
Watering 
AOT0 Watering AOT0 x 
Watering 
A. capillaris ns 0.001 - 0.01 0.01 - 
H. lanatus ns 0.001 - 0.001 ns 0.05 
T. repens ns <0.001 - 0.01 0.001 - 
L. corniculatus ns <0.001 - ns <0.001 - 
P. lanceolata 0.001 0.001 - <0.001 0.01 - 
H. radicata 0.01 0.01 - <0.001 0.05 - 
C. biennis ns 0.05 0.05 ns - - 
Species Green biomass Total biomass 
 AOT0 Watering AOT0 x 
Watering 
AOT0 Watering AOT0 x 
Watering 
A. capillaris 0.05 <0.001 - ns <0.001 - 
H. lanatus 0.01 0.001 0.05 ns <0.001 - 
T. repens 0.05 <0.001 0.01 ns <0.001 0.001 
L. corniculatus ns <0.001 0.05 ns <0.001 0.05 
P. lanceolata 0.001 ns - ns ns 0.05 
H. radicata <0.001 ns - ns <0.001 - 
C. biennis ns 0.05 - ns - - 
